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FOREWORD 
The S o l i d  Waste Disposa l  Act ,  T i t l e  I1 o f  P u b l i c  Law 89-272, October  20, 
1965, p l a c e d  g r e a t  emphasis on t h e  recovery  and r e u s e  o f  r e s o u r c e s  now b e i n g  
wasted.  C e l l u l o s e  r e p r e s e n t s  about  50 p e r c e n t  of munic ipa l  r e f u s e ,  and a much 
l a r g e r  f r a c t i o n  of a g r i c u l t u r a l  was tes .  A s  t h e  u s e  o f  paper  and paper  p r o d u c t s  
grows, t h e  amount o f  c e l l u l o s e  wasted a l s o  i n c r e a s e s .  
The Bureau o f  S o l i d  Waste Management h a s  suppor ted  t h e  c o n s t r u c t i o n  and 
o p e r a t i o n  of a  p i l o t  p l a n t  f o r  t h e  f e r m e n t a t i v e  p r o d u c t i o n  of b a c t e r i a l  s i n g l e  
c e l l  p r o t e i n  from c e l l u l o s i c  w a s t e s .  Th i s  r e p o r t  r e p r e s e n t s  t h e  r e s u l t s  of 
C o n t r a c t  PH86-68-152, which was prepared  by t h e  Department of Chemical 
Engineer ing  of L o u i s i a n a  S t a t e  U n i v e r s i t y ,  Baton Rouge, Louis iana .  The Bureau of 
S o l i d  Waste Management was r e p r e s 6 n t e d  by D r .  Thomas P u r c e l l  d u r i n g  t h e  
implementat ion of t h e  c o n t r a c t  and t h e  p r e p a r a t i o n  of t h e  r e p o r t .  
RICHARD D.  VAUGHN, ~ i r e c t o r  -
Bureau of S o l i d  Waste Management 
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A p i l o t  p l a n t  was des igned ,  c o n s t r u c t e d ,  and o p e r a t e d  which produced 
m i c r o b i a l  s i n g l e  c e l l  p r o t e i n  from w a s t e  s u g a r  cane bagasse .  Bagasse was 
ground and g iven  a  mild  a l k a l i n e - o x i d a t i o n  t r e a t m e n t  p r i o r  t o  f e r m e n t a t i o n .  
Bagasse was s l u r r i e d  a t  up t o  10 .0  grams p e r  l i t e r  d r y  weight  i n  w a t e r  w i t h  
a  s i m p l e  n u t r i e n t  s a l t s  mix ture  t o  form t h e  f e r m e n t e r  feed  s t ream.  The 
p r o c e s s  was o p e r a t e d  i n  b o t h  b a t c h  and con t inuous  flow p a t t e r n s .  
Cellulomonas,  gn. b a c t e r i a  were used i n  a p u r e  c u l t u r e  f o r  most r u n s ,  
b u t  a  mixed c u l t u r e  run o f  ce l lu lomonas  and t h e  s y m b i o t i c  organism 
a l c a l i g e n e s  f e c a e l i s  showed much h i g h e r  p r o d u c t i o n  c a p a b i l i t i e s .  Maximum 
c e l l  d e n s i t y  o b t a i n e d  w i t h  p u r e  cel lu lomonas  was 1 . 7  grams d r y  weigh t  p e r  
l i t e r ,  and 6.24 grams p e r  l i t e r  f o r  t h e  mixed c u l t u r e .  C u l t u r e  mass 
doubl ing  t i m e s  d u r i n g  l o g  phase  growth were u s u a l l y  from 3.2 t o  3.7 h o u r s .  
The maximum exper imenta l  v o l u m e t r i c  p r o d u c t i o n  e f f i c i e n c y  (WE) o f  a  
cont inuous  r u n  u s i n g  p u r e  cel lu lomonas  was about  0 .10 grams of  d r y  c e l l  mass 
p e r  l i t e r  of f e n n e n t e r  c a p a c i t y  p e r  hour .  The mixed c u l t u r e  run had a  
t h e o r e t i c a l  VPE o f  0.512. 
S i n g l e  c e l l  p r o t e i n  was produced a s  a  l i g h t  brown t o  yellow-brown 
powder, and had a  c rude  p r o t e i n  c o n t e n t  o f  50 t o  55 p e r c e n t .  P r e l i m i n a r y  
c o s t  a n a l y s i s  showed a p r o d u c t i o n  c o s t  o f  from 1 0  t o  1 5  c e n t s  p e r  pound o f  
d ry  c e l l s .  
INTRODUCTION 
The 1970 ' s  have been i n t r o d u c e d  a s  a decade o f  c o n s e r v a t i o n  and 
env i ronmenta l  r e c l a m a t i o n .  It  i s  f e r v e n t l y  hoped t h a t  t h i s  w i l l  prove t o  b e  
t h e  case .  The l i f e - s u p p o r t i n g  r e s o u r c e s  o f  t h e  e a r t h  and i t s  atmosphere are 
b e i n g  d e p l e t e d  and p o l l u t e d  a t  an a la rming  r a t e  w h i l e  t h e  popula t ion  
i n c r e a s e s  e v e r  more q u i c k l y .  The u s e  o f  o u r  ecosysterrt by man h a s  r e s u l t e d  
i n  t h e  a b s o l u t e l y  p r e d i c t a b l e  problem of t o o  much w a s t e  and t o o  few 
r e s o u r c e s .  The h i s t o r i c a l  r o l e  o f  i n d u s t r y  h a s  been  one o f  p r o c e s s i n g  raw 
m a t e r i a l s  i n t o  u s e a b l e  consumer goods. The i n e v i t a b l e  f a t e  o f  t h e s e  goods 
h a s  been t o  become w a s t e s .  Nature  i s  t h e n  l e f t  w i t h  t h e  t a s k  o f  
r e c o n v e r t i n g  t h e s e  w a s t e s  back i n t o  r e s o u r c e s .  
I n c r e a s i n g  p o p u l a t i o n  and i n d u s t r i a l i z a t i o n  have b rought  t h e  l e v e l  o f  
w a s t e  o u t p u t  t o  a  p o i n t  where n a t u r a l  r e c l a m a t i o n  pathways can n o t  keep up. 
The s y n t h e s i s  pathways o f  n a t u r e  a r e  over loaded .  It i s  c l e a r  t h a t  new 
methods o f  w a s t e  r e c l a m a t i o n  and r e u s e  must b e  developed.  The u s e a b l e  l i v e s  
o f  raw m a t e r i a l s  must be  l eng thened ,  and more e f f i c i e n t  ways o f  r e t u r n i n g  
was tes  t o  r e s o u r c e s  must b e  found. 
I n  Sep teniber 196S, t h e  Department o f  Chemical Engineer ing  o f  L o u i s i a n a  
S t a t e  U n i v e r s i t y ,  under  c o n t r a c t  t o  t h e  Bureau o f  S o l i d  Waste Management o f  
t h e  Department o f  H e a l t h ,  Educat ion,  and Wel fa re ,  began t h e  des ign  and 
c o n s t r u c t i o n  of a p i l o t  p l a n t  u n i t  f o r  t h e  convers ion  o f  was te  ce l lu l .ose  
m a t e r i a l s  i n t o  b a c t e r i a l  s i n g l e  c e l l  p r o t e i n  (SCP) by f e r m e n t a t i o n .  T h i s  
u n i t  has '  been b u i l t  a t  t h e  M i s s i s s i p p i  T e s t  F a c i l j  t y  o f  t h c  Nat ional  
2 
Aeronau t ics  and Space A d m i n i s t r a t i o n  w i t h  s u b s t a n t i a l  s u p p o r t  from "NASA 
S u s t a i n i n g  Grant No. 019-031-024" t o  t h e  Louis iana  S t a t e  U n i v e r s i t y .  
P r i o r  l a b o r a t o r y  work had sh01-711 t h a t  t h e  p r o c e s s  t h a t  was proposec' w: 3 
t e c h n i c a l l y  f e a s i b l e ,  and t h e  p r e l i m i n a r y  ecorlomic d a t a  was encourag ing .  
* 
The s c o p e  o f  t h e  c o n t r a c t  was t o  d e s i g n ,  c o n s t r u c t ,  and o p e r a t e  a  p i l o t  
u n i t ;  produce b a c t e r i a l  s i n g l e  c e l l  p r o t e i n  f o r  a n a l y s i s  and t e s t i n g ;  and 
e v a l u a t e  p r o c e s s  economics more complete ly .  The i n i t i a l  o p e r a t i n g  o f  t h e  
p i l o t  u n i t  h a s  been l i m i t e d  t o  a  s i n g l e  was te  c e l l u l o s i c  s u b s t r a t e ,  s u g a r  
cane bagasse .  Th is  m a t e r i a l  r e p r e s e n t e d  a  r a t h e r  t y p i c a l  he te rogeneous  
c e l l u l o s i c  a g r i c u l t u r a l  w a s t e ,  was e a s i l y  a c c e s s i b l e ,  and was a  good example 
of an  u n d e r - u t i l i z e d  raw m a t e r i a l .  P u r i f i e d  ground wood p u l p  was a l s o  used 
a s  a  c o n t r o l  s u b s t r a t e  i n  s e v e r a l  r u n s .  
The p r o c e s s  was des igned  f o r  a  d u a l  purpose .  The f i r s t  w a s  t h e  
u t i l i z a t i o n  of p r e s e n t  w a s t e s  and p o l l u t a n t s ;  t h e  second was t h e  p r o d u c t i o n  
o f  i n e x p e n s i v e ,  h i g h - q u a l i t y  p r o t e i n  f o r  food. Another a l l i e d  purpose  was 
t o  c o n s t r u c t  a  u n i t  w i t h  c o n s i d e r a b l e  d a t a  g e n e r a t i n g  power s o  t h a t  
a u t o m a t i c  c o n t r o l  o f  p r o c e s s  v a r i a b l e s  could  b e  s t u d i e d .  The s u c c e s s  o f  t h e  
i d e a  may b e  judged from t h e  tremendous i n t e r e s t  and response  t h i s  p r o j e c t  
h a s  r e c e i v e d  from i n d u s t r y ;  t h e  s u c c e s s  of t h e  p r o c e s s  w i l l  b e  proven by i t s  
f u t u r e  i n d u s t r i a l  e x p l o i t a t i d n .  
THE AVAILABILITY OF CELLULOSIC WASTES 
Cel lu lose  i s  by f a r  t h e  most widespread and r e a d i l y  a v a i l a b l e  of a l l  
s o l i d  organic  m a t e r i a l s .  It comprises almost one-third of t h e  weight of a l l  
t r e e s ,  v ines ,  g r a s s e s ,  and s t raws .  Unlike o t h e r  resources  such a s  o i l  and 
minera l s ,  c e l l u l o s e  i s  cons t an t ly  r ep l en i sh ing  i t s e l f  by photosynthes i s  and 
growth. Vast q u a n t i t i e s  of t h i s  m a t e r i a l  accumulate a s  waste products  from 
such a c t i v i t i e s  a s  food process ing ,  lumbering, paper  making, c e r e a l  g r a i n  
ha rves t i ng ,  and suga r  cane processing.  Add i t i ona l ly ,  municipal  and 
i n d u s t r i a l  wastes  of paper ,  r ags ,  boxes,  wood, e x c e l s i o r ,  g r a s s ,  and l eaves  
r a i s e  t h e  a v a i l a b l e  amount of c e l l u l o s e  bear ing  m a t e r i a l  t o  as t ronomica l  
p ropor t ions .  
The ready a v a i l a b i l i t y  of such a q u a n t i t y  of c e l l u l o s e  has  been t h e  
impetus f o r  voluminous r e sea rch  i n t o  novel  and d i v e r s e  methods of u t i l i z i n g  
t h i s  ma te r i a l .  Wallboard, door co re s ,  and mulch have been made from c e r e a l  
g r a i n  s t raws  and sugar  cane bagasse;  chemical grade c e l l u l o s e  from c o t t o n  
l i n t e r s ,  wood, and b a s t  f i b e r s ;  animal feed p e l l e t s  from pea v ines  and o t h e r  
f i b r o u s  vege tab le  roughages; animal bedding from o a t ,  r i c e ,  and wheat s t raw;  
f u r f u r a l  and brake  shoes from sugar  cane bagasse;  va r ious  chemicals from 
corn cobs; and l i m i t l e s s  o t h e r  examples. S t i l l ,  most waste  c e l l u l o s e  i s  
dumped, bur ied ,  burned, o r  used a s  a f u e l  supplement thereby wast ing o r  
r e t a i n i n g  only  a f r a c t i o n  of i t s  chemical energy o r  phys i ca l  u t i l i t y .  
Ce l lu lose  i s  a major c o n s t i t u e n t  of a l l  woody p l a n t s ,  g r a s se s ,  and 
vege tab les .  The few p l a n t s  t h a t  have become i n d u s t r i a l l y  important  f o r  
t h e i r  c e l l u lo se - - t r ee s ,  c o t t o n ,  f l a x ,  etc.--have been chosen, i n  most ca se s ,  
f o r  t h e i r  phys i ca l  r a t h e r  than chemical na tu re s .  I 
The a v a i l a b i l i t y  of w a s t e  c e l l u l o s e  may be  brought  i n t o  b e t t e r  
p e r s p e c t i v e  by c o n s i d e r i n g  urban o r  munic ipa l  was tes  and a g r i c u l t u r a l  w a s t e s  
s e p a r a t e l y .  C e l l u l o s e  found i n  urban was tes  has  u s u a l l y  been s u b j e c t e d  t o  
some t y p e  of p r o c e s s i n g ;  f o r  example, paper ,  r a g s ,  ca rdboard ,  e t c . ,  w h i l e  
c e l l u l o s e  a g r i c u l t u r a l  w a s t e s  are a lmos t  always found i n  t h e  n a t i v e ,  
he te rogeneous  . s ta te .  
Urban Wastes 
The United S t a t e s  a l o n e  produces  o v e r  250 m i l l i o n  t o n s  p e r  y e a r  o f  
urban w a s t e s . 2  C e l l u l o s e  comprises  from 40 t o  50 p e r c e n t  of t h i s  t o t a l .  3 
Most o f  t h e  c e l l u l o s e  of urban was te  i s  from p a p e r ,  w i t h  l e a v e s ,  g r a s s ,  and 
wood s u p p l y i n g  most of t h e  r e s t . 4  Only 1 8  t o  20 p e r c e n t  of t h e  was te  p a p e r  
i s  rec la imed  and reused f o r  paper  s t o c k ,  and a l l  o f  t h e  rest is  e i t h e r  
i n c i n e r a t e d  o r  used a s  l a n d  f i l l .  5  
Of t h e  c e l l u l o s e  found i n  urban r e f u s e ,  much more t h a n  20 p e r c e n t  cou ld  
be  r e u s e d  i n  paper  making. Japan  c u r r e n t l y  r e u s e s  o v e r  40 p e r c e n t  o f  h e r  
urban w a s t e  c e l l u l o s e .  However, much o f  t h e  c e l l u l o s e  i n  urban w a s t e s  is  
e i t h e r  o f  such  poor  f i b e r  q u a l i t y  o r  is  s o  i n t i m a t e l y  mixed w i t h  
n o n - c e l l u l o s i c s  t h a t  i t  is  n o t  f e a s i b l e  t o  recover  and r e u s e .  Y e t ,  i f  t h i s  
c e l l u l o s e  cou ld  be  used f o r  i t s  chemical  r a t h e r  t h a n  p h y s i c a l  p r o p e r t i e s ,  a 
f a r  g r e a t e r  p o r t i o n  cou ld  b e  removed from i n c i n e r a t o r s  and l a n d  f i l l s .  
The y e a r l y  appearance of about  70 m i l l i o n  t o n s  of c e l l u l o s e  i n  u rban  
was tes  l e s s  about  1 0  m i l l i o n  t o n s  rec la imed  f o r  r e u s e  l e a v e s  60 m i l l i o n  t o n s  
p e r  y e a r  n e t  c e l l u l o s e  w a s t e  i n  t h e  Uni ted S t a t e s  a l o n e .  
A g r i c u l t u r a l  Wastes 
The U.S. Department of Agr i cu l tu re  has  es t imated  t h a t  over  200 mi l l i on  
tons of c e l l u l o s i c  a g r i c u l t u r a l  wastes  such a s  p l a n t  stems, s t raw,  l eaves ,  
g ra s ses ,  bagasse,  and husks a r e  produced every year  i n  t h e  United 
~ t a t e s . ~ , ~ ~ ~ .  More wastes  come from canning and food packaging and 
p repa ra t ion  p l a n t s .  Less than  one percent  of t h e s e  a g r i c u l t u r a l  wastes  a r e  
u t i l i z e d ,  and most a r e  l e f t  i n  t h e  f i e l d s  t o  r o t .  Some of t hese  wastes  
accumulate a t  some c e n t r a l  po in t  during processing.  Sugar cane bagasse,  
sugar  bee t  v inas se ,  r i c e  and wheat husks, corn cobs and husks, and s e v e r a l  
o t h e r s  a r e  gene ra l ly  brought t o  a c e n t r a l  p o i n t  i n  t h e i r  u sua l  process ing  
cycle .  When these  m a t e r i a l s  accumulate, they p re sen t  a d i sposa l  problem and 
rank a s  p o l l u t a n t s  simply by t h e i r  volume and l a c k  of p r o f i t a b l e  
u t i l i z a t i o n .  Much of t h i s  m a t e r i a l  is  burned a s  f u e l  t o  f i r e  p l a n t  b o i l e r s .  
Some, however, is reused and i$ made i n t o  va r ious  cons t ruc t ion  m a t e r i a l s  and 
a g r i c u l t u r a l  products .  
T o t a l  world product ion of sugar  cane bagasse i s  about 36 m i l l i o n  tons  
yea r ly .6  The United S t a t e s  con t r ibu te s  about 1 3  m i l l i o n  tons.  Most of t h i s  
i s  burned as b o i l e r  f u e l  i n  t h e  sugar  m i l l ,  b u t  some i s  used f o r  paper 
s tock ,  hardboard, f u r f u r a l  product ion,  and charcoa l .  
Economics of Cel lu lose  Wastes 
Since waste  m a t e r i a l s  do no t  u sua l ly  e n t e r  t h e  economic o r  i n d u s t r i a l  
cyc le ,  i t  is  o f t e n  d i f f i c u l t  t o  quote a p r i c e  o r  va lue  f o r  them. Because 
they a r e  of r a t h e r  low economic value,  t h e  c o s t s  of handl ing,  s t o r a g e ,  
t r a n s p o r t a t i o n ,  and p repa ra t ion  become l a r g e  f a c t o r s .  Some c e l l u l o s i c  
wastes  l i k e  mixed urban r e f u s e  can be  a t t r i b u t e d  a nega t ive  c o s t ,  u sua l ly  
equal  t o  t he  d i s p o s a l  c o s t s ,  and t h e  va lue  of some a r e  determined a s  f u e l  
replacement values.  
The cos t  of  suga r  cane bagasse i n  t h e  United S t a t e s  ranges from about 
u . S . $ ~  t o  U.S.$13 p e r  t on  b a l e d a 7  It con ta ins  about 50 percent  moisture.  
Ce l lu lose  makes up from 50 t o  60 percent  of bone-dry bagasse,  and 
hemice l lu loses  add from 10 t o  20 percent .  The remainder is  l a r g e l y  l i g n i n  
and ash. The m i l l  c o s t  of bone-dry bagasse carbohydrate  then  is from 
U.S.$15 t o  U.S.$40; an  average cos t  would be about U.S.$20 pe r  t o n  of 
bone-dry carbohydrate  from bagasse.  Added t o  t h i s  cos t  a r e  t h e  c o s t s  of 
b a l i n g ,  handl ing,  s t o r a g e ,  and short-haul  t r a n s p o r t a t i o n .  This u sua l ly  adds 
about U.S.$10 p e r  ton.  T o t a l  c o s t  would t h e r e f o r e  be about U.S.$30 per  ton ,  
o r  1.5 cen t s  pe r  pound of fermentable  carbohydrate  from bagasse. The cos t  
of Number One ~ i x e d  Grade waste  paper  i s  about t h e  
I n  every case  dea l ing  wi th  waste  c e l l u l o s e  reuse ,  t h e  c o s t  of 
t r a n s p o r t a t i o n  makes i t  neces"sary t o  l i m i t  hau l ing  d i s t ances  t o  a  minimum. 
I f  c o s t s  a r e  c a l c u l a t e d  on such m a t e r i a l s  a s  c e r e a l  g r a i n  s t r aws ,  then  
ga the r ing  c o s t s  must a l s o  be  added. Yet, w i th  a  maximum c o s t  of 2.0 t o  2.5 
cents  p e r  pound, low grade waste  c e l l u l o s e  remains a  r e l a t i v e l y  inexpensive 
raw m a t e r i a l .  
THE PROBLEM OF PROTEIN 
Coupled w i t h  t h e  problem o f  i n c r e a s i n g  w a s t e  l o a d s  i s  t h e  problem of  
dwind l ing  r e s o u r c e s .  A major  r e s o u r c e  i n  s h o r t  supp ly  now i s  food,  and more 
p a r t i c u l a r l y ,  p r o t e i n .  
The scope of t h e  wor ld  food problem up t o  t h e  p r e s e n t  h a s  been l i m i t e d  
mainly  t o  t h e  underdeveloped c o n t i n e n t s  of Asia, A f r i c a ,  and L a t i n  and 
South America. These n a t i o n s  f a c e  a  s t a g g e r i n g  food d e f i c i t  p r i o r  t o  1975. 
However, p r e d i c t i o n s  show t h a t  t h e  more developed n a t i o n s  w i l l  e v e n t u a l l y  
f a c e  t h e  same problems. Food and A g r i c u l t u r a l  O r g a n i z a t i o n  (F.A.O.) 
e s t i m a t e s  f o r  n a t i o n s  such  a s  P a k i s t a n  and I n d i a  r u n  w e l l  o v e r  100 p e r c e n t  
beyond c u r r e n t  demands. 9  
I n  p a r t i c u l a r ,  t h e  problem of p r o t e i n  d e f i c i e n c y  h a s  r e c e i v e d  much 
i n t e r e s t  s i n c e  h i g h - q u a l i t y  p r o t e i n  is  i n  such s h o r t a g e  i n  c o u n t r i e s  l i k e  
I n d i a ,  P a k i s t a n ,  and B r a z i l .  10,11 P r o t e i n  demand f o r  t h e  f u t u r e  l a r g e l y  
f o l l o w s  t h e  c a l o r y  requirement  p r e d i c t i o n s .  The p r o t e i n  problem, however, 
i s  f u r t h e r  complicated by t h e  p r o t e i n  q u a l i t y  f a c t o r .  To be  o f  u s a b l e  
m e t a b o l i c  q u a l i t y ,  p r o t e i n  must c o n t a i n  a l l  of  t h e  amino a c i d s  n e c e s s a r y  f o r  
growth,  maintenance,  and r e p r o d u c t i o n  i n  a  b a l a n c e  s u i t a b l e  f o r  e f f i c i e n t  
use .  Th i s  h i g h - q u a l i t y  p r o t e i n  h a s , b e e n  s u p p l i e d  a lmos t  e n t i r e l y  by meat ,  
m i l k ,  f i s h ,  eggs ,  and p o u l t r y .  P r e s e n t  t r e n d s ,  however, show t h a t  
p o p u l a t i o n  growth and i n c r e a s i n g  food demands w i l l  s e v e r e l y  exceed p r o t e i n  
supp ly  from t h e s e  s o u r c e s .  B e t t e r  animal  husbandry i s  c e r t a i n l y  p o s s i b l e ,  
e s p e c i a l l y  i n  t h e  underdeveloped c o u n t r i e s ,  b u t  t h a t  a l o n e  cannot  cope w i t h  
i n c r e a s i n g  requ i rements .  Technology i s  f a c e d  t h e n  w i t h  t h e  problem of n o t  
on ly  i n c r e a s i n g  t h e  world  p r o t e i n  supp ly  by 50 p e r c e n t  i n  t h e  n e x t  20 y e a r s ,  
b u t  a l s o  producing p r o t e i n  of low c o s t ,  h i g h  q u a l i t y ,  easy  d i s t r i b u t i o n ,  and 
h i g h  s o c i a l  a c c e p t a b i l i t y .  
The p r o c e s s  t h a t  h a s  been developed a t  L o u i s i a n a  S t a t e  U n i v e r s i t y  (LSU) 
is  t h e  f e r m e n t a t i o n  o f  i n s o l u b l e  c e l l u l o s e  by a  c e l l u l o l y t i c  bac te r ium.  The 
b a c t e r i a  are t h e n  h a r v e s t e d  from t h e  media f o r  use  a s  a  food p r o t e i n .  The 
p r o c e s s  was developed f o r  t h e  u t i l i z a t i o n  o f  e x c e s s  s u g a r  cane bagasse ,  and 
bagasse  h a s  been r e t a i n e d  a s  t h e  s o l e  ca rbon  s o u r c e  f o r  most o f  t h e  p i l o t  
u n i t  runs .  The SCP produced i s  a  l i g h t  brown-to-yellow powder hav ing  a 
c r u d e  p r o t e i n  c o n t e n t  o f  from 50 t o  60 p e r c e n t .  The SCP h a s  a  good amino 
a c i d  p a t t e r n  and h a s  s e r v e d  a s  a p r o t e i n  s o u r c e  i n  s u c c e s s f u l  r a t  f e e d i n g  
s t u d i e s .  More of t h e  economic a s p e c t s ,  q u a l i t y  c o n s i d e r a t i o n s ,  and market  
p r o p e r t i e s  of t h i s  SCP produc t  w i l l  be  d i s c u s s e d  l a te r  i n  t h i s  r e p o r t .  
INITIAL DEVELOPMENT OF THE PROCESS 
S t u d i e s  on t h e  s o u r c e s  o f  p r o t e i n  show t h a t  p r o t e i n  p r o d u c t i o n  rates 
and e f f i c i e n c i e s  d i f f e r  q u i t e  widely .  D i f f e r e n c e s  i n  p r o t e i n  p r o d u c t i o n  
r a t e s  were demonstra ted by Thaysen w i t h  t h e  example t h a t  a 1 ,000- lb  b u l l o c k  
can s y n t h e s i z e  0.9 l b s  o f  p r o t e i n  every  24  h r s ;  whereas 1 ,000  l b s  o f  
soybeans  s y n t h e s i z e  82 l b s  of p r o t e i n  i n  t h e  same l e n g t h  of t i m e ,  and 1 ,000 
l b s  o f  y e a s t  cou ld  produce o v e r  50 t o n s  o f  p r o t e i n  i n  24 hours .  The 
d i f f e r e n c e  i n  t h e  e f f i c i e n c y  of p r o t e i n  p r o d u c t i o n  between, f o r  example, t h e  
b u l l o c k  and y e a s t  growth i s  e q u a l l y  marked. I f  ca rbohydra te  was f e d  t o  b o t h ,  
t h e  amount t h a t  would u l t i m a t e l y  be  formed i n t o  p r o t e i n  would be  no h i g h e r  
t h a n  5.0 p e r c e n t  i n  t h e  b u l l o c k ,  b u t  o v e r  25 p e r c e n t  i n  t h e  y e a s t .  
Such d r a s t i c  d i f f e r e n c e s  i n  p r o d u c t i o n  r a t e s  and e f f i c i e n c i e s  have 
c la imed t h e  i n t e r e s t  o f  many i n v e s t i g a t o r s  whose p r o p o s a l s  have,  i n  some 
way, been concerned w i t h  e i t h e r  s h o r t e n i n g  t h e  p r o t e i n  p r o d u c t i o n  c h a i n ,  o r  
i n c r e a s i n g  t h e  e f f i c i e n c y  o f  one o r  more of t h e  s t e p s .  
A comparison of t h e  l a n d  a r e a  n e c e s s a r y  f o r  t h e  suppor t  of each o f  t h e  
above prote in-producing a c t i v i t i e s  would show a g a i n  t h e  s a v i n g s  and 
e f f i c i e n c y  enjoyed by t h e  y e a s t s .  I n  t h e  c a s e  o f  t h e  LSU p r o c e s s ,  a 
b a c t e r i a  was used;  and t h e  ca rbohydra te  s o u r c e  w a s  c e l l u l o s e .  
C e l l u l o s e  P r o p e r t i e s  and Treatment 
The n a t u r a l  c a r b o h y d r a t e s  t h a t  occur  i n  p l a n t s  a r e  of a  r a t h e r  mot ley 
c h a r a c t e r .  Many d i f f e r e n t  s u g a r  molecu les  may be  found; and t h e s e ,  i n  t h e  
n a t i v e  c e l l u l o s i c ,  a r e  bound t o g e t h e r  by s e v e r a l  d i f f e r e n t  t y p e s  of 
l i n k a g e s .  The c l a s s i c a l  d e f i n i t i o n  o f  c e l l u l o s e  i s  a  l i n e a r  polymer o f  
anhydroglucose  u n i t s  l i n k e d  a t  t h e  one and f o u r  carbon atoms by a  
b e t a - g l u c o s i d e  bond. The number o f  r e p e a t i n g  u n i t s  may range from about  30 
t o  5,000 o r  more. The h i g h e s t  d e g r e e  o f  p o l y m e r i z a t i o n  (DP) r ecorded  i s  
about  15,000 u n i t s .  I n  n a t i v e  c e l l u l o s e s  t h e  polymer c h a i n s  are of  wide ly  
v a r y i n g  l e n g t h s ,  s o  polymer we igh t s  and degrees  of p o l y m e r i z a t i o n  d i f f e r  
throughout  a  sample.  
I n  a d d i t i o n  t o  t h e  c a r b o h y d r a t e s ,  t h e s e  n a t i v e  a g r i c u l t u r a l  w a s t e s  a l s o  
c o n t a i n  l i g n i n ,  p r o t e i n ,  f a t ,  and ash .  A proximate  a n a l y s i s  gave t h e  
r e l a t i v e  f r a c t i o n s  o f  t h e s e  c o n s t i t u e n t s  i n  s e v e r a l  d i f f e r e n t  types  o f  
c e l l u l o s i c  a g r i c u l t u r a l  was tes  (Table  1). 
The macromolecular p h y s i c a l  s t r u c t u r e ,  o r  f i n e  s t r u c t u r e ,  o f  a  
c e l l u l o s i c  m a t e r i a l  i n  t h e  n a t i v e  s o l i d  s t a t e  is  a  complex f u n c t i o n  o f  
i n t e r -  and i n t r a - m o l e c u l a r  f o r c e s  between and w i t h i n  i n d i v i d u a l  c e l l u l o s e  
polymer c h a i n s ,  between c e l l u l o s e  f i b r i l s  i n  f i b e r s ,  and between f i b e r  u n i t s  
and t h e  h e m i c e l l u l o s e s ,  l i g n i n ,  gums, r e s i n s ,  and m i n e r a l s .  S i n c e  f o r m a t i o n  
o f  t h e  p h y s i c a l  s t r u c t u r e  of c e l l u l o s e  o c c u r s  as a  growth p r o c e s s ,  t h e  
i n t e r r e l a t i o n s h i p  of t h e  v a r i o u s  components i s  i n  a  dynamic ever-changing 
s t a t e .  
H. Mark s t a t e s  t h a t  a l l  p r o p e r t i e s  o f  c e l l u l o s e ,  b o t h  chemical  and 
p h y s i c a l ,  a r e  i n  t h e  l a s t  a n a l y s i s  determined by chemical  s t r u c t u r e ,  b u t  
t h a t  f o r c e s  between t h e  c e l l u l o s e  polymer c h a i n s  produce a  super-molecular  
1 3  
t e x t u r e  t h a t  profoundly i n f l u e n c e s  most p r o p e r t i e s  of t h e  m a t e r i a l .  
General  agreement has  been reached  on t h e  more impor tan t  p o i n t s  o f  
c e l l u l o s e  g r o s s  p h y s i c a l  s t r u c t u r e :  
1. The polymer c h a i n s  of n a t u r a l  c e l l u l o s e  e x i s t  i n  d i f f e r i n g  
degrees  o f  o r d e r  w i t h  r e s p e c t  t o  each o t h e r .  

2 .  The most h igh ly  ordered f r a c t i o n  of c e l l u l o s e  g ives  a  d e f i n i t e  
and unique c r y s t a l l i n e  d i f f r a c t i o n  p a t t e r n  i n  x-ray d i f f r a c t i o n  
photographs. The exac t  s i z e  and l a t t i c e  angles  may be computed 
f o r  a  c h a r a c t e r i s t i c  s i n g l e  c r y s t a l .  
3.  The l e a s t  o rdered  f r a c t i o n  i s  e n t i r e l y  amorphous and shows no 
r e g u l a r i t y  whatsoever. 
4 .  The c r y s t a l l i n e  f r a c t i o n ,  whether composed of d i s c r e t e  c r y s t a l l i t e s ,  
o r  of a continuous n a t u r e ,  i s  d i f f i c u l t l y  pene t r ab le  by s o l v e n t s ,  
enzymes, o r  reagents .  
5. The amorphous region,  whether i n t e r s t i t i a l ,  o r  s e q u e n t i a l ,  o r  
bo th ,  i s  e a s i l y  pene t rab le  by s o l v e n t s ,  enzymes, o r  reagents .  
6. Ce l lu lose  i n  e i t h e r  reg ion  has t h e  same chemical s t r u c t u r e .  
The r e l a t i v e  c r y s t a l l i n i t i e s  of s e v e r a l  c e l l u l o s i c s  have been 
determined by t h e  x-ray d i f f r a c t i o n  technique of Segal .  l4 (Table 2 ) .  It is  
evident  t h a t  r e l a t i v e  c r y s t a l l i n i t i e s  d i f f e r  q u i t e  widely among t h e  
m a t e r i a l s  w i th  whole suga r  cane bagasse being i n  a n  in te rmedia te  p o s i t i o n .  
It has been noted by s e v e r a l  i n v e s t i g a t o r s  t h a t  t h e  r e a c t i v i t y  o r  enzyme 
degradat ion of c e l l u l o s e  v a r i e s  i n v e r s e l y  wi th  c e l l u l o s e  c r y s t a l l i n i t y .  1 5  
A very important  proper ty  of c e l l u l o s e  i s  t h a t  i t  can be  pene t r a t ed  and 
swollen by some s t r o n g l y  e l e c t r o l y t i c  so lven t s .  This  i s  a  phenomena t h a t  
has  long been used i n  t rea tment  of c e l l u l o s e  t o  i n c r e a s e  r e a c t i v i t y ,  t o  
change t h e  s o l i d  phys i ca l  s t a t e ,  and t o  improve d y e a b i l i t y  and su r f ace  
p r o p e r t i e s .  A p a r t i a l  l ist  of chemical agents  t h a t  w i l l  p e n e t r a t e  and s w e l l  
c e l l u l o s e  t o  some degree has been included (Table 3 ) .  
Of t h e  reagents  l i s t e d ,  cupramonium hydroxide, sodium hydroxide, 
s u l f u r i c  a c i d ,  and copper ethylenediamine have rece ived  most i n t e r e s t  and 
TABLE 2 
CRYSTALLINITY INDEX OF AGRICULTURAL 
CELLULOSIC SAMPLES' 
Cot ton l i n t e r s , R  
Cot ton l i n t e r s , P  
Bagasse - whole 
Bagasse - p i t h  
Bagasse - f i b e r  
Rice  s t r a w  
Sawdust - p i n e  
Johnson g r a s s  
P r a i r i e  g r a s s  
A l f a l f a  meal 
Cot tonseed h u l l s  
Corn cobs 
Oat s t r a w  
Wheat st  raw 
Sorghum b a g a s s e  
TABLE 3 
9% sodium hydroxide + carbon  d i s u l p h i d e  
Calcium t h i o c y a n a t e  
Cuprammonium hydroxide 
Sodium hydroxide 
S u l p h u r i c  a c i d  
15% sodium hydroxide + carbon d i s u l p h i d e  
Ruthenium r e d  
Copper e thy lened iamine  
Phosphor ic  a c i d  
85% formic  a c i d  + z i n c  c h o l o r i d e  (80:20) n AmZn 
Trimethylbenzylammonium hydrox ide  
I r o n  t a r t r a t e  complex 
Methacry la te  embedding 
Sodium z i n c a t e  
Cadoxen 
L 
most i n d u s t r i a l  a p p l i c a t i o n .  Other  chemical  a g e n t s  such  as n i t r o g e n  d i o x i d e  
i n  d i m e t h y l s u l f o x i d e ,  and z i n c  c h l o r i d e  have r e c e n t l y  gained i n d u s t r i a l  
i n t e r e s t .  An e x c e l l e n t  review o f  t h e  l i t e r a t u r e  on a c t i o n  of c e l l u l o s e  
s w e l l i n g  a g e n t s  h a s  been p u b l i s h e d  by Warwicker, J e f f r i e s ,  Colbran,  and 
Robinson o f  t h e  S h i r l e y  I n s t i t u t e .  16  
The importance o f  t h e  s w e l l i n g  a c t i o n  of some r e a g e n t s  upon c e l l u l o s e  
h a s  been r e a l i z e d  f o r  a  l o n g  whi le .  Almost a l l  p r o c e s s e s  which i n v o l v e  
r e a c t i o n s  o f  c e l l u l o s e  u t i l i z e  e i t h e r  a  p r e t r e a t m e n t  t o  s w e l l  t h e  c e l l u l o s e ,  
o r  a  r e a c t i o n  s o l v e n t  t h a t  a l s o  a c t s  a s  a  s w e l l i n g  a g e n t .  The fo rmat ion  of 
a l k a l i - c e l l u l o s e  i s  a  predominant i n t e r m e d i a t e  s t e p  i n  t h e  courses  o f  many 
c e l l u l o s e  s u b s t i t u t i o n  r e a c t i o n s ,  and t h e  c a t a l y t i c  n a t u r e  o f  a l k a l i  i n  
c e l l u l o s e  d e g r a d a t i o n  i s  w e l l  r e s p e c t e d .  
The d e g r a d a t i o n  o f  c e l l u l o s e  is  g e n e r a l l y  unders tood  t o  mean a  d e c r e a s e  
i n  t h e  average degree  o f  p o l y m e r i z a t i o n  of t h e  polymer. McBurney h a s  
c h a r a c t e r i z e d  t h e  f o u r  major  t y p e s  o f  c e l l u l o l y t i c  d e g r a d a t i o n :  17  
1. H y d r o l y t i c  - C e l l u l o s e  is  reduced i n  d e g r e e  o f  p o l y m e r i z a t i o n  
(DP) and shows a n  i n c r e a s e  i n  reduc ing  power. 
2.  O x i d a t i v e  - c e l l u l o s e  i s  reduced i n  DP and t h e  p roduc t  
shows a development of ca rbonyl  and c a r b o x y l  groups .  
3 .  M i c r o b i o l o g i c a l  - c e l l u l o s e  may b e  reduced i n  DP, b u t  
l o s s  of s t r e n g t h  i s  t h e  most pronounced e f f e c t .  
4. Mechanical  - c e l l u l o s e  is  reduced i n  DP i f  t h e  f i b e r  
is s e v e r e l y  t r e a t e d .  
C e l l u l o s e  can be degraded m i c r o b i a l l y  by microorganisms o r  enzyme 
systems of  t h e s e  organisms.  Ruminant an imals ,  t e r m i t e s ,  some s n a i l s ,  and 
many b a c t e r i a  and f u n g i  depend upon t h e i r  a b i l i t y  t o  degrade c e l l u l o s e  and 
m e t a b o l i z e  i t s  d e g r a d a t i o n  p r o d u c t s  f o r  t h e i r  s u p p l y  o f  energy and carbon.  
I n  each c a s e  t h e  i n s t r u m e n t  of a c t u a l  d e g r a d a t i v e  a c t i o n  i s  a n  enzyme o r  
enzyme system produced by t h e  organism. 
The i d e a s  used i n  t h e  des ign  and development of t h e  p r e - f e r m e n t a t i v e  
t r e a t m e n t  of t h e  c e l l u l o s i c  w a s t e s  f o r  t h e  LSU p r o c e s s  were d i r e c t e d  towards  
making t h e  c e l l u l o s e  more b io -degradab le .  The c r i t e r i a  o f  t h e  t r e a t m e n t  
p r o c e s s  were: 
1. To d e c r e a s e  c e l l u l o s e  r e l a t i v e  c r y s t a l l i n i t y .  
2 .  To d i s r u p t  t h e  p h y s i c a l  s t r u c t u r e  of t h e  l i g n i n  i n  t h e  m a t e r i a l .  
3 .  To d e c r e a s e  t h e  average  d e g r e e  o f  p o l y m e r i z a t i o n  of t h e  c e l l u l o s e .  
4 .  To o b t a i n  t h e  above changes a t  a  c o m p e t i t i v e  c o s t .  
A mi ld  a l k a l i n e  s w e l l i n g  of t h e  c e l l u l o s e  fol lowed by an  a i r  o x i d a t i o n  
seemed t o  meet a l l  o f  t h e s e  c r i t e r i a .  Sodium hydrox ide  i s  a v a i l a b l e  at low 
c o s t  from by-product streams o f  c h l o r i n e  manufacture .  It w i l l  s w e l l  t h e  
c e l l u l o s e  and s o l u b i l i z e  p a r t  o f  t h e  l i g n i n .  The s w e l l i n g  w i l l  cause  t h e  
l i g n i n  s h e a t h i n g  t o  be  d i s r u p t e d ,  and t h e  c e l l u l o s e  w i l l  b e  made more 
a c c e s s i b l e  t o  enzymes. I f  t h i s  t r e a t m e n t  i s  fol lowed by an  a i r  o x i d a t i o n ,  
t h e  c e l l u l o s e  w i l l  be  degraded t o  a lower  degree  of p o l y m e r i z a t i o n  and t h e  
r e l a t i v e  c r y s t a l l i n i t y  w i l l  be  reduced. 
An average component a n a l y s i s  o f  bagasse  b e f o r e  and a f t e r  t h e  t r e a t m e n t  
p r o c e s s  showed t h a t  t h e  ca rbohydra te  f r a c t i o n  remaining i n  t h e  b a g a s s e  a f t e r  
a  w a t e r  e x t r a c t i o n  was i n c r e a s e d  from about  57 p e r c e n t  t o  a lmost  75 p e r c e n t .  
The f r a c t i o n  o f  ca rbohydra te  t h a t  was w a t e r  s o l u b l e  r o s e  from about  two 
p e r c e n t  t o  a lmost  1 8  p e r c e n t .  T h i s  rise i n  r e l a t i v e  ca rbohydra te  c o n t e n t  
was caused by p r e f e r e n t i a l  removal o f  noncarbohydrate  components such  a s  - 
r e s i n s ,  gums, l i g n i n ,  f a t ,  p r o t e i n ,  and d i r t .  The i n c r e a s e  i n  water s o l u b l e  
ca rbohydra te  was caused by t h e  o x i d a t i v e  de-polymerizat ion o f  a f r a c t i o n  o f  
t h e  c e l l u l o s e  p r e s e n t .  
Bagasse showed about  a  t h r e e - f o l d  d e c r e a s e  i n  degree  o f  p o l y m e r i z a t i o n  
d u r i n g  t h e  t r e a t m e n t ;  averag ing  a  DP of o v e r  800 b e f o r e  t r e a t m e n t ,  and l e s s  
t h a n  300 a f t e r  t h e  p r o c e s s .  The o v e r a l l  degree  of r e l a t i v e  c e l l u l o s e  
c r y s t a l l i n i t y  a l s o  w a s  lowered from about  50 p e r c e n t  t o  1 0  p e r c e n t  by t h e  
t r e a t m e n t .  
F i f t e e n  d i f f e r e n t  c e l l u l o s i c s  were t r e a t e d  by a l k a l i n e - o x i d a t i o n ,  and . 
t h e  b i o - d e g r a d a b i l i t y  of t h e i r  c e l l u l o s e  f r a c t i o n s  determined by t h e  - I n  
V i t r o  rumen f l u i d  method o f  Baumgardt. The t r e a t m e n t  i n c r e a s e d  c e l l u l o s e  
d i g e s t i b i l i t i e s  on a n  average  of 85 p e r c e n t  (Tab le  4 ) .  
TABLE 4 
I N  VITRO RUMEN FLUID DIGESTIBILITIES OF CELLULOSIC 
-- 
WASTES BEFORE AND AFTER TREATMENT 
(% Dry c e l l u l o s e  d i g e s t e d )  
U n t r e a t e d  T r e a t e d  
Bagasse,  whole 1 5 . 1  57.0 
Bagasse,  p i t h  26.5 55.0 
Bagasse,  f i b e r  30.1 50.3 
Rice  straw 7.3 54 .1  
Johnson g r a s s  66.5 88.0 
P r a i r i e  g r a s s  16.2 45.7 
Corn cobs 1 9 . 3  44.0 
Oat s t r a w  35.5 66.0 
Wheat s t r a w  25.4 44.0 
Sorghum bagasse  30.0 61.5 
C e l l u l o s e  Fermentat ion 
A11 i n d u s t r i a l  u s e  o f  c a r b o h y d r a t e s  f o r  m i c r o b i a l  s u b s t r a t e s  h a s  been 
l i m i t e d  t o  t h o s e  t h a t  a r e  w a t e r  s o l u b l e .  There  h a s  been c o n s i d e r a b l e  
i n t e r e s t ,  however, i n  t h e  u t i l i z a t i o n  of s o l u b l e  s u g a r  f r a c t i o n s  produced 
I-1 
from i n s o l u b l e  c a r b o h y d r a t e  m a t e r i a l s ,  S ince  Delbruck i n  Germany found t h a t  
food grade y e a s t  cou ld  be  produced from s o l u b i l i z e d  wood s u g a r s ,  s p o r a d i c  
i n t e r e s t  h a s  r e c u r r e d  such  a s  i n  Germany d u r i n g  World War 11. 20,21 The 
German y e a s t  p r o c e s s  produced Candida u t i l i s  and s e v e r a l  s t r a i n s  of l e s s e r  
importance from wood s u g a r s  genera ted  by t h e  s u l f u r i c  a c i d  h y d r o l y s i s  of 
sof twoods.  Other  y e a s t  p l a n t s  t h e r e  and c u r r e n t  U.S. p l a n t s  use  w a s t e  
2  2 
s u l f i t e  l i q u o r  from paper  pu lp  p r o c e s s i n g  a s  a  s u b s t r a t e .  P r o c e s s e s  have 
a l s o  been developed f o r  p r o d u c t i o n  o f  b a c t e r i a l  s i n g l e  c e l l  p r o t e i n  from 
2  3 
s p e n t  s u l f i t e  l i q u o r .  
These p r o c e s s e s  have,  i n  a  s e n s e ,  u t i l i z e d  i n s o l u b l e  m a t e r i a l  a s  
s u b s t r a t e ,  b u t  i n  a l l  c a s e s  t h e  m a t e r i a l  h a s  been chemica l ly  s o l u b i l i z e d  
b e f o r e  i n t r o d u c t i o n  i n t o  t h e  a c t u a l  f e r m e n t a t i o n  p r o c e s s .  
Viewed a s  a  f e r m e n t a b l e  ca rbohydra te ,  c e l l u l o s e  d i f f e r s  r a t h e r  
r a d i c a l l y  from t h o s e  ca rbohydra te  s u b s t r a t e s  i n  g e n e r a l  use .  It i s  
i n s o l u b l e ,  i t  i s  polymerized by a  one-to-four b e t a  g l u c o s i d i c  l i n k a g e ,  i t  
g e n e r a l l y  h a s  a  h i g h l y  o r d e r e d  c r y s t a l l i n e  f r a c t i o n ,  and i t  i s  i n v a r i a b l y  
found c l o s e l y  a s s o c i a t e d  w i t h  h e m i c e l l u l o s e s  and l i g n i n .  The use  of 
c e l l u l o s e  a s  a  m i c r o b i a l  s u b s t r a t e  a c t u a l l y  adds  b u t  one s t e p  t o  t h e  o v e r a i l  
mechanism of ca rbohydra te  f e r m e n t a t i o n .  The c e l l u l o s e  must b e  s o l u b i l i z e d  
b e f o r e  e n t e r i n g  c e l l  m e t a b o l i c  pathways. Th is  s o l u b i l i z a t i o n  i s  a n  
enzymat ic  s t e p  c a t a l y z e d  by t h e  c e l l u l a s e  enzyme sys tem o f  some b a c t e r i a  and 
f u n g i .  
For a  l o n g  w h i l e  r e s e a r c h e r s  thought  n a t i v e  c e l l u l o s e  t o  be  e i t h e r  
24 
unfermentable  o r ,  a t  l e a s t ,  ve ry  r e s i s t a n t  t o  b io -degrada t ion .  Langwell  , 
2  7 Olsen ,  P e t e r s o n ,  and s h e r r a r d Z 5 ,  ~ c h a r ~ a ~ ~ ,  and Fonta ine  r e p o r t e d  n a t i v e  
c e l l u l o s e  unfermentable  o r  i n h i b i t e d  t o  a  p r o h i b i t i v e  e x t e n t  by l i g n i n .  
V i r t a n e n  and o t h e r s  found t h a t  c e l l u l o s e  was bio-degradable ,  b u t  t h a t  
p e r i o d s  of t h r e e  t o  f o u r  weeks were n e c e s s a r y  f o r  c e l L u l o s e  breakdown. 2 8 
Hajny, Gardner,  and R i t t e r  have r e p o r t e d  c e l l u l o s e  b io -degrada t ion  by 
the rmophi les ,  b u t  r e s i d e n c e  t imes  were two t o  s i x  days .  29 Grey r e p o r t e d  
convers ion  of c e l l u l o s e  t o  c e l l  t i s s u e  i n  f u n g i ;  b u t  a g a i n  r a t e  is  measured 
i n  days ,  and maximum c a r b o h y d r a t e  t o  p r o t e i n  convers ion  e f f i c i e n c i e s  a r e  1 7  
p e r c e n t .  30 
Recent ly  t h e  i s o l a t i o n  of s e v e r a l  m e s o p h i l i c  and t h e r m o p h i l i c  b a c t e r i a  
w i t h  f a s t e r  growth r a t e s ,  and f u n g i  w i t h  h i g h l y  a c t i v e  c e l l u l a s e s ,  h a s  
31,32,33 
i n c r e a s e d  t h e  p r o s p e c t s  o f  p r o f i t a b l e  c e l l u l o s e  f e r m e n t a t i o n .  
The bac te r ium t h a t  i s  used i n  t h e  Louis iana  S t a t e  U n i v e r s i t y  p i l o t  
f e r m e n t a t i o n  p r o c e s s  was i s o l a t e d  and i d e n t i f i e d  by S r i n i v a s a n  and Han a t  
33 
L o u i s i a n a  S t a t e  U n i v e r s i t y .  The fo l lowing  is  a  summary o f  t h e  methods 
used i n  i s o l a t i o n  and c h a r a c t e r i z a t i o n  of t h e  organism. 
I s o l a t i o n  media c o n s i s t e d  of a  m i n e r a l  s a l t s  s o l u t i o n  supplemented w i t h  
0 . 1  p e r c e n t  y e a s t  e x t r a c t  and a  s t r i p  of f i l t e r  paper  (Table  5 ) .  About one 
gram of a  r o t t i n g  s u g a r  cane and s o i l  mix tu re  was i n o c u l a t e d  i n t o  t h e  
TABLE 5 
NUTRIENT SALT MEDIA USED FOR ISOLATION OF 
CELLULOLYTIC BACTERIUM 
- 
Sodium c h l o r i d e  6.0 g m s l l i t e r  
Ammonium s u l f a t e  1 . 0  
Potass ium phospha te -d ibas ic  0.5 
Potass ium phosphate-monobasic 0 . 5  
Magnesium s u l f a t e  0 . 1  
CaEcium c h l o r i d e  0 ,  I 
- 
i s o l a t i o n  media. A f t e r  t h r e e  t o  seven  days i n c u b a t i o n  a t  30 C on a 
r e c i p r o c a l  s h a k e r ,  a  p o r t i o n  of f i l t e r  p a p e r  was t r a n s f e r r e d  i n t o  f r e s h  
media. T h i s  p r o c e s s  was r e p e a t e d  s e v e r a l  t imes  t o  e n r i c h  t h e  a e r o b i c  and 
m e s o p h i l i c  c e l l u l o s e  u t i l i z i n g  organisms. The f i l t e r  paper  from t h e  
e n r i c h e d  c u l t u r e  was removed, mascera ted  i n  a  s m a l l  amount of s t e r i l e  w a t e r ,  
and s t r e a k e d  on to  p l a t e s  c o n t a i n i n g  each  o f  t h e  fo l lowing  media: n u t r i e n t  
a g a r ,  carboxymethyl c e l l u l o s e  a g a r ,  and f i l t e r  paper  a g a r  ( a  p l a t e  of 
n u t r i e n t  a g a r  covered w i t h  f i l t e r  p a p e r ) .  R e p r e s e n t a t i v e s  of t h e  v a r i o u s  
c o l o n i e s  which developed on each o f  t h e s e  media were t r a n s f e r r e d  t o  test 
rubes  c o n t a i n i n g  n u t r i e n t  s a l t s  and c e l l u l o s e .  Tubes showing v i s i b l e  
d e g r a d a t i o n  o f  f i l t e r  paper  were s e l e c t e d  and a l t e r n a t e l y  t r a n s f e r r e d  i n t o  
l i q u i d  and s o l i d  media i n  o r d e r  t o  e n r i c h  and i s o l a t e  t h e  c e l l u l o l y t i c  
organism. I s o l a t e d  c o l o n i e s  were f u r t h e r  p u r i f i e d  by t h e  t e r m i n a l  d i l u t i o n  
method. The p u r i t y  of t h e  i s o l a t e d  c u l t u r e  was confirmed by t h e  mic roscop ic  
examinat ion and colony morphology of s e v e r a l  a g a r  p l a t e  c o l o n i e s .  The 
i s o l a t e d  c u l t u r e  was s u b j e c t e d  t o  d i a g n o s t i c  t e s t s  f o r  i d e n t i f i c a t i o n  of t h e  
s t r a i n s .  A c h a r a c t e r i z a t i o n  comparison was made w i t h  t h e  i s o l a t e d  
c e h l u l o l y t i c  organism and two organisms of  t h e  s p e c i e s  cel lu lomonas  (Table  
6 ) .  The organism was a b l e  t o  grow w e l l  between t h e  t empera tu res  o f  25 C and 
35 C. Below 20 C and above 40 C ,  t h e r e  was a  marked d e c r e a s e  i n  t h e  growth 
r a t e .  The e f f e c t  of pH on t h e  growth r a t e  and t h e  a c t i v i t y  o f  t h e  c e l l u l a s e  
enzyme was determined and a  pH optimum was observed between 6 .0  and 7 .0  
(F igure  I ) .  
TABLE 6 
DESCRIPTIVE CHART OF CELLULOSE UTILIZING  ORGANISM^^ 
C, 
- 
C .  uda 
- -
I s o l a t e  
Morphological  
C h a r a c t e r i s t i c s  
Form Rods, curved 
S i z e  
M o t i l i t y  Non-mo t i l e  
Gram s t a i n  V a r i a b l e  
Rods 
Non-mo t i l e  
Negat ive  
Rods, s h o r t  
Negat ive  
C u l t u r a l  
C h a r a c t e r i s t i c s  
Agar s l a n t  Smooth, g l i s t e n i n g  Moderate, f l a t ,  Smooth, g l i s t e n i n g  
opaque, ye l low g r a y i s h  w h i t e  opaque, ye l low 
Broth  Uniformly t u r b i d  Uniformly t u r b i d  Uniformly t u r b i d  
G e l a t i n  s t a b  Slow l i q u e f a c t i o n  Slow l i q u e f a c t i o n  Slow l i q u e f a c t i o n  
F i l t e r  paper  i n  F i b e r s  s e p a r a t e  on F i b e r s  s e p a r a t e  on F i b e r s  s e p a r a t e  on 
peptone b r o t h  s l i g h t  a g i t a t i o n  s l i g h t  a g i t a t i o n  s l i g h t  a g i t a t i o n  
Op t imum 28 - 33°C 
Temperature 
Agar Colonies  --- B l u i s h ,  t r a n s p a r -  
e n t ,  smooth, f l a t ,  
c i r c u l a r ,  grow 
f e e b l y  on n u t r i e n t  
a g a r  
TABLE 6 (Continued) 
C, uda 
- -
I s o l a t e  
Biochemical  
C h a r a c t e r i s t i c s  
S t a r c h  Hydrolyzed Hydrolyzed Hydrolyzed 
N i t r a t e  Reduce t o  NO2 Reduce t o  NO2 Reduce t o  NO2 
M. R. t e s t  - - -- Negat ive  
V.P. t e s t  Negat ive  
I n d o l  P r o d u c t i o n  -- 
Glucose Acid 
Lac tose  Acid 
Sucrose  Aeid 
Mal tose  Acid 
D e x t r i n  -- 
S t a r c h  Acid 
Negat ive  Negat ive  







F i g u r e  1. E f f e c t  of pH on t h e  growth o f  t h e  organism 
and t h e  a c t i v i t y  o f  t h e  c e l l u l a s e  enzyme.33 
PILOT PLANT EQUIPMENT 
The equipment used  i n  t h e  p i l o t  p l a n t  w a s  o b t a i n e d  e i t h e r  by p u r c h a s e  
from t h e  Bureau o f  S o l i d  Waste Management funds ,  o r  by f a b r i c a t i o n  by t h e  
N a t i o n a l  Aeronau t ics  and Space A d m i n i s t r a t i o n ' s  M i s s i s s i p p i  T e s t  F a c i l i t y .  
The p i l o t  p l a n t  g e n e r a l  f low s h e e t  ( F i g u r e  2 ) j a n d  f l o o r  p l a n  ( F i g u r e  3)  are 
about  t h e  same a s  proposed,  b u t  may be  changed t o  some e x t e n t  depending on 
o p t i o n a l  u s e  o f  some equipment.  The p l a n t  is  housed i n  room 142 of b u i l d i n g  
8100 a t  t h e  N a t i o n a l  Aeronau t ics  and Space A d m i n i s t r a t i o n ' s  (NASA) 
M i s s i s s i p p i  T e s t  F a c i l i t y ,  Bay S a i n t  Louis ,  M i s s i s s i p p i .  Th i s  room c o n s i s t s  
of a  30 f o o t  by 60 f o o t  ceramic  t i l e  f l o o r ,  t i l e  w a l l s ,  a  16 f o o t  c e i l i n g ,  a  
de - ion ized  w a t e r  t r e a t m e n t  and s t o r a g e  sys tem (1,500 g a l l o n  c a p a c i t y )  , a 50 
g a l l o n  c h i l l e d  w a t e r  sys tem (50 F  w a t e r  a t  a  90,000 B.T.U. p e r  hour  h e a t  
l o a d ) ,  a more t h a n  adequa te  v e n t i l a t i . o n  sys tem,  and a steam g e n e r a t o r  
c a p a b l e  of 600 pounds o f  100 p s i  s team p e r  hour .  A v a i l a b l e  u t i l i t i e s  
c o n s i s t  o f  115 ,  220, and 440 60-cycle A . C .  e l e c t r i c a l  power; p o t a b l e  w a t e r ;  
90 p s i  compressed a i r ;  and 90 p s i  compressed n i t r o g e n .  
The p i l o t  p l a n t  equipment can b e  grouped i n t o  f i v e  d i s t i n c t  p r o c e s s  
s e c t i o n s :  t h e  c e l l u l o s e  h a n d l i n g  s e c t i o n ,  t h e  t r e a t m e n t  s e c t i o n ,  t h e  
s t e r i l i z a t i o n  s e c t i o n ,  t h e  f e r m e n t a t i o n  s e c t i o n ,  and t h e  c e l l  h a r v e s t i n g  
s e c t i o n .  
- C e l l u l o s e  I-landling S e c t i o n  
The f i r s t  s t e p  i n  p r o c e s s i n g  t h c  c e l l u l o s e  js p a r t i c l e  s i z e  r e d u c t i o n .  
1 A f i v e  b l a d e d  k n i f e  g r i n d e r  f i  t t e d  w i t h  a  -- - i n .  s i z i n g  s c r c e n  i s  u s e d  f o r  
8 

Figure 3. Pilot  plant floor plan and equipment l i s t .  
t h i s  purpose ( F i g u r e  4 ) .  The f i v e  f i x e d  b l a d e s  and f i v e  r o t a t i n g  b l a d e s  a r e  
1 1 8  i n ,  long.  The power i s  s u p p l i e d  by a  7--- horsepower e l e c t r i c  motor which 
2 
p r o v i d e s  f o r  a  300 t o  400 pound p e r  hour  c a p a c i t y .  The g r i n d e r  i s  f i t t e d  
w i t h  a  c o l l e c t i o n  hopper  and a  pneumatic s o l i d s  hand l ing  pick-up a t t achment .  
1 The c e l l u l o s e  is f e d  i n  manually and i s  chopped t o  - - i n .  p a r t i c l e  l e n g t h s  
8 
i n  t h i s  f i r s t  p i e c e  o f  equipmentb* 
The chopped c e l l u l o s e  is  t r a n s f e r r e d  from t h e  g r i n d e r  t o  a  s o l i d s  
s e p a r a t i n g  cyclone by t h e  s o l i d s  blower (F igure  5 ) .  The blower  i s  powered 
1 by a  7- horsepower e l e c t r i c  motor which t u r n s  a  24-in. f a n .  The i n l e t  and 
2  
o u t l e t  a r e  approx imate ly  30 s q n a r e  i n .  which i s  more t h a n  adequa te  t o  h a n d l e  
t h e  maximum g r i n d e r  through-put.  
The s o l i d s  s e p a r a t i n g  cyclone c o l l e c t s  t h e  ground c e l l u l o s e  and 
d i s c h a r g e s  t h e  conveying a i r  o u t  t h e  t o p  p o r t  ( F i g u r e  6 ) .  The c e l l u l o s e  
d rops  i n t o  t h e  hopper .  The cyclone seemed t o  h a n d l e  a l l  b lower .and  s o l i d s  
f lows and w a s  modera te ly  d u s t - f r e e .  No power was consumed i n  t h e  cyc lone  
o p e r a t i o n .  
The s o l i d s  are t h e n  c o l l e c t e d  i n  a  v i b r a t o r y  l i v e - b i n  hopper (F igure6) .  
The hopper h a s  a  c a p a c i t y  of 15 c u b i c  f e e t  which p rov ided  i n v e n t o r y  f o r  
s e v e r a l  hours  of c e l l u l o s e  t r e a t i n g .  V i b r a t o r y  a c t i o n  i s  s u p p l i e d  by a  
one-horsepower e l e c t r i c  motor o p e r a t i n g  an  e c c e n t r i c  cam dev ice .  The hopper  
as purchased had no l e v e l  moni to r ing  system. To remedy t h i s ,  a  v e r t i c a l  
s l i t  one i n .  wide was c u t  i n  t h e  s i d e  o f  t h e  hopper and a c l e a r  p l a s t i c  
p l a t e  was used t o  s e a l  t h e  s l i t .  T h i s  p rov ided  a  conven ien t ,  v i s i b l e  means 
t o  moni tor  hopper l e v e l .  
The v i b r a t o r y  hopper  s u p p l i e s  c e l l u l o s e  t o  t h e  v i b r a t o r y  mete r ing  screw 
feeder  (F igure  6 ) ,  The f e e d e r  h a s  a  2-in.-diameter screw powered th rough  a  
v a r i a b l e  r a t i o  b e l t  and p u l l e y  assembly by a  t h r e e - q u a r t e r  horsepower 
Figure 4. Knife grinder-initial size reduction 

Figure 6. Solids cyclone, hopper, and metering feeder 
e l e c t r i c  motor. The f e e d i n g  c a p a c i t y  ranges  from 150 grams p e r  minu te  t o  
1 ,000  grams p e r  minute  o f  chopped bagasse  of b u l k  d e n s i t y  o f  5.5 t o  6.0 
pounds p e r  c u b i c  f o o t .  T h i s  f e e d e r  was i n t e n d e d  t o  meter t h e  amount o f  
c e l l u l o s e  b e i n g  f e d  i n t o  t h e  f e e d  makeup f o r  t h e  f e e d  s t ream t o  t h e  
fe rmente r .  The r e q u i r e d  f e e d  r a t e  was found t o  be much s m a l l e r  t h a n  t h e  
range  c a p a b i l i t y  o f  t h e  f e e d e r .  T h e r e f o r e ,  t h e  f e e d e r  was o p e r a t e d  on a 
manual t i m e  c y c l i n g  b a s i s .  
With t h e  e x c e p t i o n  o f  t h e  o v e r s i z e d  f e e d e r ,  a l l  equipment i n  t h e  
c e l l u l o s e  h a n d l i n g  s e c t i o n  worked w i t h  no problems. The mounting and 
s u p p o r t  frames i n  t h i s  equipment s e c t i o n ,  a s  i n  t h e  r e s t  o f  t h e  p i l o t  p l a n t ,  
were des igned by LSU p e r s o n n e l  and c o n s t r u c t e d  by M i s s i s s i p p i  T e s t  F a c i l i t y  
(MTF) s u p p o r t  pe rsonne l .  V i r t u a l l y  a l l  equipment and a s s o c i a t e d  f rames i n  
t h i s  s e c t i o n  were d o n s t r u c t e d  from carbon s t e e l .  
C e l l u l o s e  Treatment  S e c t i o n  
The ground c e l l u l o s e  o u t p u t  of t h e  h a n d l i n g  s e c t i o n  was f e d  i n t o  t h e  
s l u r r y  t a n k  (F igure  7 )  by t h e  v i b r a t o r y  f e e d e r  where i t  underwent a l k a l i  
c o n t a c t i n g .  The s l u r r y  t a n k  i s  a  60 g a l l o n ,  304 s t a i n l e s s  s t e e l ,  c y l i n d r i c a l  
v e s s e l .  The des ign  f o r  t h e  vessel .  was provided by LSU and t h e  c o n s t r u c t i o n  
by t h e  MTF. The v e s s e l  i s  equipped w i t h  a  p r o p e l l e r - t y p e  a g i t a t o r ,  powered 
by a one-eighth  horsepower e l e c t r i c  motor ,  an  au tomat ic  t empera tu re  c o n t r o l  
sys tem (ambient t o  b o i l i n g ) ,  and a  l i q u i d  l e v e l  c o n t r o l  which a c t i v a t e s  a  
s o l e n o i d  v a l v e  to '  admit makeup a l k a l i  s o l u t i o n .  The h e a t  f o r  t h e  t empera tu re  
c o n t r o l  sys tem i s  genera ted  by t h r e e  3,300-watt e l e c t r i c  h e a t i n g  bands 
around t h e  o u t s i d e  of t h e  v e s s e l  under a  two-inch l a y e r  o f  i n s u l a t i o n .  The 
t a n k  is  s l i g h t l y  e l e v a t e d  by t h r e e  l e g s  t o  make room f o r  t h e  o u t l e t  
plumbing. The o u t l e t  is 1- in .  p i p e  l o c a t e d  a t  bottom c e n t e r  of t h e  t a n k .  
Figure 4. Alkali-solids slurry tank 
The makeup a l k a l i  s o l u t i o n  i s  s u p p l i e d  by a  500 g a l l o n  e l e v a t e d  s t o r a g e  
t ank .  T h i s  t ank  i s  a  s t a i n l e s s  s t e e l ,  c y l i n d r i c a l  t ank  c o n s t r u c t e d  a t  t h e  
MTF t o  LSU s p e c i f i c a t i o n s .  The a l k a l i  s o l u t i o n  f lows through an o u t l e t  on 
t h e  t a n k  t o  t h e  l i q u i d  l e v e l  c o n t r o l l e d  s o l e n o i d  v a l v e  and i n t o  t h e  s l u r r y  
t a n k  by g r a v i t y .  
The c o n t e n t s  i n  t h e  s l u r r y  t a n k  a r e  c o n t i n u o u s l y  pumped o u t  d u r i n g  
c e l l u l o s i c  t r e a t m e n t  by a  one-half  horsepower s t a i n l e s s  s t e e l  c e n t r i f u g a l  
pump. From t h i s  pump t h e  s l u r r y  s t r e a m  may t a k e  one o f  s e v e r a l  r o u t e s  
( i n d i c a t e d  a s  Routes 1, 2 ,  and 3)  through t h e  rest of t h e  c e l l u l o s e  t r e a t m e n t  
s e c t i o n  (F igure  8) .  
Route Number 1, From t h e  s l u r r y  t a n k  pump, t h e  s l u r r y  flows t o  t h e  
s o l i d - l i q u i d  s e p a r a t o r  (F igure  8) where t h e  c e l l u l o s e  is  p a r t i a l l y  
de-watered. The s e p a r a t o r  was des igned  by LSU p e r s o n n e l  and c o n s t r u c t e d  a t  
t h e  MTF. It c o n s i s t s  o f  a  p a i r  o f  rubber  c o a t e d  squeeze r o l l e r s ,  between 
which a  10-in,-wide monel s c r e e n  b e l t  p a s s e s ;  a n  i d l e r  r o l l e r  which h o l d s  
t e n s i o n  on t h e  b e l t ;  and a  c a t c h  pan which c a t c h e s  t h e  a l k a l i  s o l u t i o n  t h a t  
i s  squeezed from t h e  c e l l u l o s e  by t h e  squeeze  r o l l e r s  (F igure  9 ) .  The 
t e n s i o n  on t h e  b e l t  i s  a d j u s t a b l e  by i n c r e a s i n g  o r  d e c r e a s i n g  t h e  s p r i n g  
p r e s s u r e  on t h e  i d l e r  r o l l e r  s h a f t .  The p r e s s u r e  between t h e  squeeze  
r o l l e r s  i s  a l s o  a d j u s t a b l e  by v a r y i n g  t h e  s p r i n g  p r e s s u r e  on t h e  s h a f t  of 
t h e  t o p  r o l l e r .  The a l k a l i  s o l u t i o n  is  re-cycled back t o  t h e  s l u r r y  t a n k  by 
way o f  t h e  c a t c h  pan and g r a v i t y  f low. The s e p a r a t o r  i s  a l s o  equipped w i t h  
a  sp r ing- loaded  s c r a p e r  which removes t h e  de-watered c e l l u l o s e  from t h e  
b e l t ,  The lower squeeze r o l l e r  i s  d r i v e n  by t h e  d r i v e  sys tem a s s o c i a t e d  
w i t h  t h e  o x i d a t i o n  oven through a  c h a i n  and s p r o c k e t  system. A l l  p a r t s  of 
t h e  s e p a r a t o r  a r e  s t a i n l e s s  s t e e l  w i t h  t h e  e x c e p t i o n  of  t h e  monel s c r e e n  
b e l t .  

Figure 9.  Solid-liquid separator 
The de-watered c e l l u l o s e  drops  from t h e  s e p a r a t o r  s c r a p e r  on to  t h e  
o x i d a t i o n  oven b e l t  ( F i g u r e  9 ) .  The c e l l u l o s e  i s  c a r r i e d  through t h e  oven 
by means o f  a  12-in.-wide monel s c r e e n  b e l t .  The b e l t  r i d e s  on a  d r i v e  
r o l l e r  and an i d l e r  r o l l e r .  The d r i v e  r o l l e r  i s  connected t o  a  one-s ix th  
horsepower D.C. v a r i a b l e  speed ,  e l e c t r i c  motor through a  g e a r  r e d u c t i o n  box 
and a  c h a i n , a n d  s p r o c k e t .  Heat f o r  t h e  oven i s  prov ided  by t h r e e  banks of 
t h r e e  i n f r a r e d  s t r i p  h e a t e r s  (F igures  10 and 1 1 )  which a r e  t empera tu re  
c o n t r o l l e d  by t ime  c y c l i n g  each bank of  h e a t e r s  independen t ly .  The h e a t e r s  
i n  bank number one a r e  r a t e d  a t  5,400 w a t t s .  H e a t e r s  i n  banks two and t h r e e  
are r a t e d  a t  3,300 w a t t s  and 2,400 w a t t s ,  r e s p e c t i v e l y .  The oven i s  a l s o  
equipped w i t h  an  a i r  s p a r g i n g  system. A i r  i s  sparged  o n t o  t h e  c e l l u l o s e  
from under t h e  s c r e e n  b e l t  by p e r f o r a t e d  t u b i n g ,  and f low i s  r e g u l a t e d  by a  
ro tamete r .  The oven i s  equipped w i t h  a  c o n t r o l  p a n e l  from which t h e  h e a t e r  
t e m p e r a t u r e s ,  t h e  r e s i d e n c e  t ime (2 t o  12 minu tes )  of t h e  c e l l u l o s e  i n  t h e  
oven ( b e l t  s p e e d ) ,  and t h e  a e r a t i o n  r a t e  a r e  c o n t r o l l e d  (F igure  1 2 ) .  A 
s c r a p e r  i s  used t o  remove t h e  c e l l u l o s e  from t h e  b e l t  a s  w a s  done i n  t h e  
s e p a r a t o r .  A l l  p a r t s  of t h e  oven c o n t a c t i n g  t h e  c e l l u l o s e  a r e  s t a i n l e s s  
s t e e l .  
A s  t h e  c e l l u l o s e  c o n t i n u e s  a long  Route 1 of t h e  t r e a t m e n t  s e c t i o n ,  i t  
f a l l s  from t h e  oven b e l t  s c r a p e r  i n t o  t h e  r e - s l u r r y  t a n k  where i t  i s  mixed 
w i t h  de- ionized w a t e r  and a p p r o p r i a t e  n u t r i e n t  s a l t s .  This  i s  a  35 g a l l o n ,  
- c y l i n d r i c a l ,  s team j a c k e t e d  s t a i n l e s s  s t e e l  v e s s e l  (F igure  1 3 ) .  It has  an 
a u t o m a t i c  l i q u i d  l e v e l  c o n t r o l  d e v i c e  which adds de- ionized w a t e r  t o  a  
c o n s t a n t  l e v e l  and i s  a g i t a t e d  by a  one-eighth  horsepower,  s i n g l e  p r o p e l l e r  
a g i t a t o r .  I t  i s  t e m p e r a t u r e  c o n t r o l l e d  by r e g u l a t i n g  t h e  s team p r e s s u r e  i n  




Figure 13. Re-slurry tank 
o p e r a t i o n  i s  t h e  f i n a l  s t e p  i n  t h e  t r e a t m e n t  s e c t i o n .  The s l u r r y  i n  t h i s  
v e s s e l  i s  pumped o u t  a  one-in. bottom c e n t e r e d  o u t l e t  by t h e  main f e e d  pump 
and e n t e r s  t h e  s t e r i l i z a t i o n  s e c t i o n .  
Route Number 2.  Th i s  t r e a t m e n t  method uses  t h e  same equipment a s  Route 
1 excep t  f o r  t h e  r e - s l u r r y  t ank .  Route 1 r e q u i r e s  a  v e r y  s low f e e d  from t h e  
s l u r r y  t a n k  t o  t h e  s o l i d - l i q u i d  s e p a r a t o r .  I n  Route 2 ,  t h e  a l k a l i  t r e a t m e n t  
i n  t h e  s l u r r y  t a n k  and t h e  o x i d a t i o n  t r e a t m e n t  i n  t h e  oven i s  done a t  a  h i g h  
feed  r a t e ,  and t h e  t r e a t e d  c e l l u l o s e  i s  manually r e - s l u r r i e d  i n  t h e  l a r g e  
f e e d  s t o r a g e  t ank .  Th is  t a n k  i s  a 500 g a l l o n ,  c y l i n d r i c a l ,  s t a i n l e s s  s t e e l  
t a n k  w i t h  a c o n i c a l  shaped bottom. A l a r g e  q u a n t i t y  of makeup f e e d  s l u r r y  
cou ld  be  p repared  i n  t h i s  t a n k  which p e r m i t t e d  cont inuous  f e e d i n g  f o r  many 
hours  w i t h o u t  con t inuous  o p e r a t i o n  of t h e  c e l l u l o s e  h a n d l i n g  and t r e a t m e n t  
s e c t i o n s .  The main feed  pump can b e  s u p p l i e d  d i r e c t l y  from t h i s  t a n k  i n s t e a d  
o f  t h e  s m a l l  r e - s l u r r y  t a n k  a s  was g iven  i n  Route 1. A one-half  horsepower ,  
s i n g l e  p r o p e l l e r  a g i t a t o r  i s  used t o  a g i t a t e  t h e  feed  s t o r a g e  t ank .  
Route Number 3. The f i n a l  o p t i o n a l  c e l l u l o s e  t r e a t m e n t  r o u t e  i s  
i n d i c a t e d  a s  Route 3 (F igure  8 ) .  T h i s  t r e a t m e n t  method i s  used when i t  is  
n o t  n e c e s s a r y  t o  t r e a t  t h e  c e l l u l o s e  i n  t h e  o x i d a t i o n  oven. The s l u r r y  from 
t h e  s l u r r y  t a n k  is f e d  through a  40 mesh s c r e e n  f i l t e r  t o  remove t h e  
c e l l u l o s e  from t h e  a l k a l i  s o l u t i o n .  The c e l l u l o s e  i s  manually r e - s l u r r i e d  
i n  t h e  f e e d  s t o r a g e  t ank  a s  i n  Route 2 .  The a l k a l i  s o l u t i o n  i s  c o l l e c t e d  i n  
a 2-ft-wide by 3-f t - long by 2-f t -high s t a i n l e s s  s t e e l  t ank .  The s c r e e n  
f i l t e r  f i t s  o v e r  t h e  t ank  and can e a s i l y  be removed f o r  c l e a n i n g ,  The t a n k  
and f i l t e r  sys tem is  mounted on c a s t e r  wheels  and can e a s i l y  be moved about  
t h e  p i l o t  p l a n t  f o r  o t h e r  f i l t e r i n g  u s e s ,  The excess  a l k a l i  s o l u t i o n  i s  
r e c y c l e d  t o  t h e  s l u r r y  t ank .  
S t e r i l i z a t i o n  S e c t i o n  
The make-up f e e d  s l u r r y  i n  e i t h e r  t h e  r e - s l u r r y  t a n k  o r  t h e  f e e d  
s t o r a g e  t a n k  i s  pumped con t inuous ly  i n t o  t h e  s team i n j e c t o r  sys tem by t h e  
main feed  pump. Th is  i s  a  Lapp P u l s a f e e d e r  diaphragm mete r ing  pump (F igure  
1 4 )  and can be  s e t  f o r  f low r a t e s  rang ing  from 0  g a l l o n s  p e r  minute t o  2 .2  
g a l l o n s  p e r  minute.  The fe rmente r  r e s i d e n c e  t i m e  i s  determined by t h e  
f e e d i n g  rate chosen.  The pump can h a n d l e  s l u r r y  d e n s i t i e s  o f  up t o  abou t  
f i v e  p e r c e n t  by weight  c e l l u l o s i c  s o l i d s  w i t h o u t  c logg ing .  Care must b e  
t a k e n  t o  p r e v e n t  c logg ing  of t h e  pump upon s t a r t i n g  and s t o p p i n g  t h e  s l u r r y  
f low through i t .  Power f o r  t h e  pump i s  s u p p l i e d  by a  one horsepower 
e l e c t r i c  motor. 
The main f e e d  pump f e e d s  t h e  s l u r r y  i n t o  t h e  s team i n j e c t i o n  sys tem 
where t h e  f e e d  s t r e a m  i s  brought  up t o  s t e r i l i z a t i o n  t empera tu re  and 
p r e s s u r e .  The s team i n j e c t i o n  system (schemat ic  i n  F igure  15)  c o n s i s t s  of a  
t empera tu re  c o n t r o l l e d  s team i n j e c t o r ,  a r e c i r c u l a t i n g  l i q u i d - s t e a m  m i x e r ,  
and a  s u p p o r t  s t a n d ,  
The s t e a m  i n j e c t o r  i n j e c t s  steam i n t o  t h e  l iqu id -s team mixer loop  where 
i t  is  mixed homogeneously w i t h  t h e  feed  s t ream t o  produce a uniform s t rearn  
t empera tu re ,  Steam i s  metered i n t o  t h e  sys tem through an a u t o m a t i c  v a l v e  
which is  c o n t r o l l e d  by a tempera tu re  probe l o c a t e d  downstream of t h e  steam 
i n j e c t o r .  T h i s  v a l v e  can be  s e t  t o  produce a f e e d  s t r e a m  tempera tu re  
rang ing  from 260 E t o  320 F. There is a l s o  a  bypass  v a l v e  which p e r m i t s  
manual i n j e c t i o n  of steam. The i n l e t  s t eam l i n e  i s  equipped w i t h  t h e  
n e c e s s a r y  f i l t e r ,  p r e s s u r e  r e l i e f  v a l v e ,  and t r a p ;  arid there i s  a check 
v a l v e  l o c a t e d  between the au tomat ic  valve and t h e  srearn i n j e c t o r ,  
l The l i q u i d - s t e a m  mixer is  a  r e - c i r c u l a t i o n  loop c o n s t r u c t e d  of a - - i n ,  
2 
s t a i n l e s s  s t e e l  p i p e .  The feed  strearn i s  pumped through t h i s  loop  by a 


one-half  horsepower c e n t r i f u g a l  pump. The o u t l e t  o f  t h e  l i q u i d - s t e a m  mixer 
i s  equipped w i t h  a  0  t o  100 p s i  bourdon p r e s s u r e  guage,  a  copper-constantan 
thermocouple which is  connected t o  t h e  24 p o i n t  m u l t i p o i n t  r e c o r d e r  on t h e  
fe rmente r  c o n t r o l  p a n e l ,  a  p r e s s u r e  r e l i e f  v a l v e  s e t  a t  100 p s i ,  and a  0 to 
400 F d i a l  i n d i c a t i n g  thermometer. 
The suppor t  s t a n d  f o r  t h e  i n j e c t i o n  system i s  of carbon s t e e l ,  u n i s t r u t  
c o n s t r u c t i o n .  A l l  p a r t s  which c o n t a c t  t h e  f e e d  s t r e a m  a r e  s t a i n l e s s  s t e e l .  
The h o t  f eed  s t r e a m  f lows i n t o  t h e  s t e r i l i z i n g  h o l d i n g  s e c t i o n  where 
t h e  s t r e a m  i s  r o u t e d  i n  t u r b u l e n t  plug-flow through a  v a r i a b l e  number o f  
i n s u l a t e d  t u b e s  (F igure  1 6 ) ,  There  a r e  f o u r  banks o f  tubes  through which 
t h e  h o t  f eed  s t r e a m  may be rou ted .  These banlcs p r o v i d e  f o r  f o u r  v a r i a t i o n s  
i n  t h e  r e s i d e n c e  t ime  i n  t h e  h o l d i n g  s e c t i o n  s o  t h a t  a  d e f i n i t e  
temperature- t ime s t e r i l i z a t i o n  sequence can be  e f f e c t e d .  Th is  v a r i a t i o n  i n  
r e s i d e n c e  t ime i s  accomplished by t h e  manual s w i t c h i n g  of f o u r  1- in .  3-way 
p l u g  v a l v e s  l o c a t e d  a t  t h e  beg inn ing  and end of each t u b e  bank. The f i r s t  
1 t u b e  bank i s  composed of 2 2  s t a i n l e s s  s t e e l  t u b e s  of - - in .  d iamete r  which 
2 
a r e  1 0 - f t  long.  Banks two, t h r e e ,  and f o u r  each have t e n  1 - in , -d iamete r ,  
10-f t - long s t a i n l e s s  s t e e l  t u b e s ,  A l l  t u b i n g  i s  surrounded by i n s u l a t i o n ,  
The o u t l e t  o f  t h e  h o l d i n g  s e c t i o n  i s  equipped w i t h  a  d iaphragm-protected,  
100 p s i  bourdon p r e s s u r e  guage and a copper-constantan thermocouple which i s  
a t t a c h e d  t o  t h e  24 p o i n t  m u l t i p o i n t  t empera tu re  r e c o r d e r .  Design o f  t h e  
h o l d i n g  s e c t i o n  was by LSU p e r s o n n e l  and c o n s t r u c t i o n  a t  t h e  MTF, 
The f i n a l  s t e p  i n  t h e  s t e r i l i z a t i o n  p r o c e s s  i s  the  c o o l i n g  of t h e  f e e d  
s t r e a m  t o  a  t empera tu re  compat ib le  w i t h  t h e  c o n t e n t s  of the fe rmente r .  T h i s  
i s  accomplished i n  two s t e p s  by an  e v a p o r a t i v e  coo le r  and a c o u n t e r f l a w ,  
double-pipe ,  c h i l l e d  w a t e r  c o o l e r ,  r e s p e c t i v e l y  ( F i g u r e s  1 6  and 1 7 ) .  

Figure 17.  Chilled water heat exchanger 
1 The e v a p o r a t i v e  c o o l e r  c o n s i s t s  o f  a  c o i l  o f  - - i n .  s t a i n l e s s  s t e e l  
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1 t u b i n g  p o s i t i o n e d  i n  a  s t a n d a r d  55 g a l l o n  drum w i t h  a  - - i n .  tube  s p r a y  r i n g  
2 
o v e r  t h e  c o i l  (F igure  1 6 ) .  The c o i l  i s  1 8  i n .  i n  d iamete r  and c o n t a i n s  1 0  
t u r n s  o f  tub ing .  The f e e d  s t r e a m  f lows through t h e  c o i l  and w a t e r  i s  
t r i c k l e d  o v e r  t h e  c o i l s  by t h e  s p r a y  r i n g .  The drum c o l l e c t s  t h e  e x c e s s  
w a t e r  which f lows by g r a v i t y  t o  t h e  d r a i n .  A t  low f e e d i n g  r a t e s ,  t h i s  
c o o l e r  w i l l  drop t h e  t empera tu re  of t h e  f e e d  s t r e a m  t o  approximately  100 F, 
and t h e  c h i l l e d  w a t e r  c o o l e r  i s  n o t  needed. 
The coun te r f low,  double-pipe ,  c h i l l e d  w a t e r  c o o l e r  (F igure  17)  i s  
composed of seven  6 - f t  s e c t i o n s  of j a c k e t e d  t u b e s  a t t a c h e d  i n  s e r i e s .  The 
1 1 i n n e r  t u b e s  a r e  - - i n .  s t a i n l e s s  s t e e l  and t h e  o u t e r  t u b e s  1- - i n .  carbon 
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steel  p i p e .  The feed  s t r e a m  flows through t h e  i n n e r  t u b e s  w h i l e  t h e  50 F 
c h i l l e d  w a t e r  f lows c o u n t e r - c u r r e n t l y  through t h e  o u t e r  j a c k e t .  The flow 
r a t e  o f  t h e  c h i l l e d  w a t e r  i s  r e g u l a t e d  such t h a t  t h e  o u t l e t  t empera tu re  o f  
t h e  f e e d  s t r e a m  i s  e q u a l  t o  t h a t  o f  t h e  f e r m e n t e r ,  The seven  j a c k e t e d  t u b e s  
a r e  suppor ted  on a  u n i s t r u t  frame. Maximum d e s i g n  h e a t  l o a d  i s  l i m i t e d  by 
t h e  maximum h e a t  l o a d  on t h e  a v a i l a b l e  c h i l l e d  w a t e r  sys tem and i s  90,000 
B.T.U. p e r  hour .  The c h i l l e d  w a t e r  c o o l e r  w a s  des igned  by LSU and 
f a b r i c a t e d  by t h e  MTF. The i n l e t  and o u t l e t  t empera tu res  a r e  moni tored by 
t h e m o c o u p l e s  connected t o  t h e  m u l t i p o i n t  r e c o r d e r .  
Fermentat ion S e c t i o n  
The f e e d  str 'eam flows from t h e  c h i l l e d  w a t e r  c o o l e r  and t h e  
s t e r i l i z a t i o n  s e c t i o n  through a back p r e s s u r e  c o n t r o l  v a l v e  i n t o  t h e  
f e r m e n t e r ,  The feed  s t r e a m  can by re-cycled t o  e i t h e r  t h e  r e - s l u r r y  t a n k  o r  
t h e  f e e d  s t o r a g e  t ank  by a  manual v a l v i n g  o p e r a t i o n .  T h i s  p e r m i t s  s t a r t i n g  
and s t o p p i n g  of feed t o  t h e  fermenker w i t h o u t  s t o p p i n g  and s t a r t i n g  any of 
t h e  f e e d  s t r e a m  p r e p a r a t i o n  equipment.  
The fe rmente r  ( F i g u r e  18) i s  a  150 g a l l o n ,  j acke ted  and i n s u l a t e d  
v e s s e l .  I t  was des igned by LSU and f a b r i c a t e d  by t h e  MTF. The i n n e r  w a l l  
of  t h e  f e r m e n t e r  i s  s t a i n l e s s  s t e e l  s h e e t  r o l l e d  i n t o  a  23' - i n .  i n s i d e  2 
diamete r  ( I . D . . )  by 7 - f t - l o n g  c y l i n d e r .  S l i p - o n  f l a n g e s  a r e  welded t o  e a c h  
end of  t h e  c y l i n d e r  and b l i n d  f l a n g e s  a r e  used t o  s e a l  t h e  e n d s .  The o u t e r  
j a c k e t  i s  s t a i n l e s s  s t e e l  s h e e t  r o l l e d  i n t o  a  26L - i n .  I . D .  c y l i n d e r .  A 
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one- inch  l a y e r  of  i n s u l a t i o n  su r rounds  t h e  o u t e r  j a c k e t .  The t o p  b l i n d  
f l a n g e  i s  f i t t e d  w i t h  an  $ - i n ,  weld neck f l a n g e  which s e r v e s  a s  t h e  mounting 
f l a n g e  f o r  t h e  a g i t a t o r .  I t  i s  a l s o  equipped w i t h  a  4- by 6 - i n .  hand h o l e  
and c o v e r ,  a  1 - i n .  p ipe  feed  s t r e a m  i n l e t  and i n n o c u l a t i o n  p o r t ,  and a 1 - i n .  
p i p e  a i r  v e n t  o u t l e t .  The hand h o l e  i s  used i n  t h e  i n i t i a l  f i l l i n g  of  t h e  
f e r m e n t e r  and f o r  c l e a n i n g  purposes .  The bottom b l i n d  f l a n g e  i s  f i t t e d  w i t h  
1 
a  2 - i n .  weld neck f l a n g e  and a  - - i n .  p i p e  a i r  i n l e t  p o r t .  The weld neck 2  
3 f l a n g e  i s  t h e  o u t l e t  f o r  fermented media .  There  i s  a  - - i n ,  p i p e  i n l e t  and 4 
a n  o u t l e t  a t  t h e  t o p  and bot tom of t h e  o u t e r  j a c k e t .  These a r e  used f o r  
s team h e a t i n g  of t h e  fe rmente r  c o n t e n t s  f o r  i n i t i a l  a u t o c l a v i n g  of t h e  
fe rmente r  and f o r  t empera tu re  c o n t r o l  s f  t h e  fe rmente r  d u r i n g  a  f e r m e n t a t i o n  
r u n .  There  a r e  two 5 - i n . - d i a m e t e r  v iew p o r t s  n e a r  t h e  t o p  of t h e  f e r m e n t e r  
i n t e r n a l s .  A t  t h e  same l e v e l  a s  t h e  c e n t e r  of t h e  v iew p o r t s ,  t h e r e  i s  a 
1 - i n .  p i p e  i n l e t  through t h e  i n n e r  w a l l  of t h e  fe rmente r  t h a t  i s  used f o r  
t h e  l i q u i d  l e v e l  c o n t r o l  probe.  Oppos i t e  t h i s  probe i s  a  2 - i n .  f l a n g e d  p o r t  
t h a t  i s  no t  used a t  p r e s e n t ,  b u t  was des igned  i n t o  t h e  fer rnenter  f o r  
p o s s i b l e  f u t u r e  o p e r a t i o n  of t h e  fer rnenter  i n  s e r i e s  o r  p a r a l l e l  w i t h  a 
second f e r m e n t e r .  At mid-he igh t  on t h e  fer rnenter  i s  a  3 - i n .  f l anged  o u t l e t  
t h a t  i s  used a s  a  sampl ing p o r t  and a  t empera tu re  probe i n l e t .  Pour s m a l l  

t a b s  a r e  welded on t h e  i n s i d e  o f  t h e  f e r n e n t e r  f o r  a t t a c h i n g  i n t e r n a l  
b a f f l e s  o r  d r a f t  t u b e s  (F igure  1 9 ) .  Design p r e s s u r e  o f  t h e  f e r m e n t e r  i s  150 
p s i .  
Mixing of t h e  fe rmente r  media i s  accomplished i n  one of two ways. 
I n i t i a l l y ,  a  d r a f t  tube  was used.  T h i s  was s imply a  l o n g  c y l i n d r i c a l  t u b e  
t h a t  i s  suspended v e r t i c a l l y  i n  t h e  fe rmente r  by t h e  a t t achment  t a b s .  A 
d r a f t  f low is caused by s p a r g i n g  a i r  around t h e  bottom and o u t s i d e  o f  t h e  
d r a f t  tube .  The a i r  s p a r g e r  i s  a  r i n g  o f  1- in . -diameter  t u b i n g  which i s  
a t t a c h e d  t o  t h e  a i r  i n l e t  on t h e  bot tom b l i n d  f l a n g e  and is c o n c e n t r i c  w i t h  
t h e  d r a f t  t u b e  and t h e  w a l l s  o f  t h e  fe rmente r .  S i x t e e n  a i r  i n j e c t i o n  
n o z z l e s  w i t h  0.063-in. o r i f i c e s  a r e  p o s i t i o n e d  on t h e  t u b e  r i n g .  
The a g i t a t o r  i s  a  t h r e e  horsepower,  v a r i a b l e  speed d r i v e  w i t h  a double  
mechanical  s e a l ,  two f l a t  b l a d e  t u r b i n e s ,  and one pumping t u r b i n e  a t  t h e  
bot tom of  t h e  s h a f t .  The RPM ranges  from 117 t o  300. A s t e a d v  b e a r i n g  was 
a t t a c h e d  t o  t h e  bottom b l i n d  f l a n g e  t o  s u p p o r t  t h e  bottom end of t h e  
a g i t a t o r  s h a f t .  
The fe rmente r  i s  equipped w i t h  v a r i o u s  c o n t r o l l i n g  and moni to r ing  
i n s t r u m e n t a t i o n  (F igures  20 and 21) .  The t empera tu re  o f  t h e  media i s  
recorded  and c o n t r o l l e d  by a  Honeywell t empera tu re  r e c o r d e r  and c o n t r o l l e r  
which a c t i v a t e s  a  three-way p r o p o r t i o n i n g  v a l v e  which mixes h o t  and c o l d  
w a t e r  t h a t  f lows through t h e  fe rmente r  o u t e r  j a c k e t .  The f e r m e n t e r  
t empera tu re  i s  a l s o  recorded  on t h e  m u l t i p o i n t  r e c o r d e r .  
The pH o f  t h e  media i s  recorded  by a  s t r i p  c h a r t  r e c o r d e r  and 
c o n t r o l l e d  by a  pH meter  and c o n t r o l l e r ,  The pH is  a d j u s t e d  up when t h e  
c o n t r o l l e r  opens a  s o l e n o i d  v a l v e  which a l lows  anhydrous ammonia t o  f l o w  
i n t o  t h e  i n l e t  a i r  l i n e  and i s  a d j u s t e d  down when t h e  c o n t r o l l e r  a c t i v a t e s  a 
Culture A i r  
Figure 19. Pi lot  piant fermenter,  


pump which f e e d s  h y d r o c h l o r i c  a c i d  i n t o  t h e  feed  i n l e t .  The flow of 
anhydrous ammonia i s  i n d i c a t e d  by a  ro tamete r .  
The amount o f  a i r  b e i n g  sparged  i n t o  t h e  fe rmente r  media i s  i n d i c a t e d  
and c o n t r o l l e d  by an  a u t o m a t i c  r o t a m e t e r ,  The r o t a m e t e r  r e g u l a t e s  a  r e v e r s e  
a c t i n g  pneumatic c o n t r o l  va lve .  The flow r a t e  range is  from 0 t o  115 SCFM 
a t  0 p s i g  and 60 F. The au tomat ic  r o t a m e t e r  i s  on t h e  o u t l e t  a i r  l i n e .  The 
i n l e t  a i r  i s  passed  through one o f  two a i r  f i l t e r s  i n  p a r a l l e l . .  Only one 
f i l t e r  i s  used a t  a  t ime.  Each f i l t e r  i s  a  j a c k e t e d  and i n s u l a t e d  t u b e .  
Steam i s  passed  through t h e  o u t e r  j a c k e t  t o  keep t h e  f i l t e r  a t  s t e r i l i z a t i o n  
t empera tu re .  The i n n e r  j a c k e t  i s  packed w i t h  Dow-corning e x t r a  f i n e  
tempered g l a s s  wool. A i r  f lows i n t o  t h e  i n n e r  j a c k e t  through t h e  top  and 
o u t  t h e  bottom. 
The degree  o f  a g i t a t i o n  i s  i n d i c a t e d  by a  tachometer  and i s  manual ly  
r e g u l a t e d  by a hand c rank  on t h e  a g i t a t o r .  
The fe rmente r  i s  equipped w i t h  a  sampl ing system which, through t h e  u s e  
of a p o s i t i v e  d i sp lacement  sampl ing pump, p r o v i d e s  a  s t e r i l e  s e a l  d u r i n g  
sampling.  A sampl ing probe ex tends  i n t o  t h e  fe rmente r  approximately  s i x  
i n c h e s  through t h e  sampl ing p o r t  f l a n g e .  The probe i s  wrapped w i t h  a  monel 
s c r e e n  s h i e l d  which h e l p s  t o  p reven t  c logg ing  o f  t h e  probe by c e l l u l o s i c  
m a t e r i a l .  The sample of media i s  pumped from t h e  fe rmente r  by a  n u t a t i n g  
d i s k  p e r i s t a l t i c  pump. The sample media i s  t h e n  passed  over  t h e  pH s e n s i n g  
probe and f i n a l l y  c o l l e c t e d  f o r  l a b o r a t o r y  i n v e s t i g a t i o n .  
An a u t o m a t i c  l i q u i d  l e v e l  c o n t r o l l e r  on t h e  fe rmente r  m a i n t a i n s  a  
working volume of  140 g a l l o n s  d u r i n g  con t inuous  r u n s .  A s  t h e  l i q u i d  l e v e l  
r eaches  a  p rede te rmined  l e v e l ,  t h e  c o n t r o l l e r  opens a pneumatic c a n i s t e r  
v a l v e  on t h e  fe rmente r  o u t l e t  l i n e  and a l l o w s  t h e  f e m e n t e r  media t o  f low 
i n t o  t h e  h a r v e s t i n g  s e c t i o n  of t h e  p l a n t .  
Power t o  pH c o n t o l l i n g  pump, s o l e n o i d  v a l v e s ,  r e c o r d e r s ,  and c o n t r o l  
equipment t o t a l s  about  one horsepower.  A l l  m a t e r i a l  c o n t a c t i n g  t h e  media i n  
t h e  f e r m e n t a t i o n  s e c t i o n  i s  s t a i n l e s s  s t e e l .  
There a r e  s e v e r a l  methods c u r r e n t l y  used t o  h a r v e s t  t h e  c e l l s  from t h e  
fermented media. F i g u r e  22 shows t h e  f i r s t  of  t h e s e  s c h e m a t i c a l l v .  The 
media is  dumped i n t o  t h e  f i r s t  500 g a l l o n  m i x e r l s e t t l e r  t a n k  ( F i g u r e  23)  
where t h e  unused c e l l u l o s e  i s  s e t t l e d  o u t  and drawn o f f  a s  an underf low 
s t r e a m ,  The m i x e r l s e t t l e r  h a s  f o u r  o u t l e t s  a t  v a r i o u s  l e v e l s  on t h e  t a n k  
w a l l .  The r e s i d e n c e  t ime of t h e  media i n  t h e  s e t t l i n g  t a n k  i s  v a r i e d  by 
choosing a p a r t i c u l a r  over f low o u t l e t .  
The overf low 'from t h e  f i r s t  t a n k  then goes  i n t o  t h e  pH ad jus tment  t a n k  
(F igure  22) where h y d r o c h l o r i c  a c i d  i s  pumped i n  f o r  pH ad jus tment .  The pH 
i s  recorded and c o n t r o l l e d  by a  s t r i p  c h a r t  r e c o r d e r / c o n t r o l l e r .  The t a n k  
is  a g i t a t e d  by a  p r o p e l l e r - t y p e  a g i t a t o r .  
The over f low from t h e  pH ad jus tment  t ank  goes i n t o  t h e  second 
m i x e r l s e t t l e r  t ank .  Th is  t a n k  i s  e s s e n t i a l l y  l i k e  t h e  f i r s t  m i x e r l s e t t l e r  
excep t  t h a t  t h e  over f low o u t l e t s  a r e  on b o t h  s i d e s  o f  t h e  t ank  and t h e  l e g s  
a r e  a  few i n c h e s  s h o r t e r .  The a c i d  causes  t h e  c e l l s  t o  f l o c u l a t e  and 
p r e c i p i t a t e  t o  t h e  bot tom of  t h e  t ank .  The over f low from t h i s  t a n k  goes t o  
t h e  d r a i n  o r  t o  re-use .  The c e l l s  a r e  t aken  o f f  t h e  bot tom and a r e  e i t h e r  
c e n t r i f u g e d  i n  iihe S h a r p l e s  Super c e n t r i f u g e  o r  drum d r i e d  on a  steam-heated 
double  drum d r i e r .  

Figure 23. ~ i x e r / s e t t l e r s  and floculant tank 
PILOT UNIT OPERATION 
The p i l o t  u n i t  cou ld  be r u n  a s  e i t h e r  a  b a t c h  p r o c e s s  o r  a  con t inuous  
flow p r o c e s s .  Batch o p e r a t i o n  r e q u i r e d  o p e r a t i o n  of t h e  c e l l u l o s e  t r e a t i n g  
equipment u n t i l  enough t r e a t e d  s o l i d s  were accumulated t o  charge  t h e  
fe rmente r .  The fe rmente r  was t h e n  loaded  w i t h  media, s t e r i l i z e d ,  
i n o c u l a t e d ,  a l lowed t o  o p e r a t e  f o r  a  p e r i o d  o f  t ime,  and dumped. C e l l s  were 
h a r v e s t e d  by a  b a t c h  p r e c i p i t a t i o n  o r  by c e n t r i f u g a t i o n .  
For cont inuous  o p e r a t i o n  o f  t h e  p l a n t ,  a  c u l t u r e  media was p r e p a r e d  and 
grown a s  d e s c r i b e d  above t o  a  p o i n t  w i t h i n  t h e  l o g a r i t h m i c  phase  o f  c u l t u r e  
growth. The a d d i t i o n  of a  con t inuous  feed  s t r e a m  was s t a r t e d ,  and t h e  
volume of  c u l t u r e  media was r e g u l a t e d  by p e r i o d i c  c u l t u r e  wi thdrawals .  
C e l l s  were  h a r v e s t e d  from t h e  e x i t  s t r e a m  e i t h e r  by d i r e c t  c e n t r i f u g a t i o n  o r  
by con t inuous  p r e c i p i t a t i o n .  
S i z e  Reduction o f  S o l i d s  
The primary purpose  of t h e  s i z e  r e d u c t i o n  s t e p  was t o  make t h e  rough 
a g r i c u l t u r a l  was tes  more homogeneous i n  s i z e .  The m i l l  run  bagasse  was 
ex t remely  hard  t o  mete r ,  f low, pump, o r  mechan ica l ly  h a n d l e  i n  any way 
1 
w i t h o u t  some s i z e  r e d u c t i o n .  When c u t  through a  - - i n .  nominal s c r e e n ,  t h e  
8 
m a t e r i a l  cou ld  be hoppered and f e d  w i t h o u t  undue problems. 
I t  h a s  been r e p o r t e d  t h a t  t h e r e  i s  a  c o r r e l a t i o n  between c e l l u l o s e  
p a r t i c l e  s i z e  and r a t e  o f  enzymatic a t t a c k .  3 4 However, t h e  e f f e c t s  of 
p a r t i c l e  s i z e  do n o t  become apparen t  u n t i l  t h e  c e l l u l o s e  i s  reduced t o  100 
mesh s i z e  o r  s m a l l e r .  It is  p r o h i b i t i v e l y  expensive  t o  reduce p a r t i c l e  s i z e  
1 t o  t h i s  l e v e l  on an i n d u s t r i a l  s c a l e .  T h e r e f o r e ,  a  -- - i n .  s c r e e n  was chosen 
8 
because  i t  would produce a m a t e r i a l  t h a t  could  e a s i l y  be  hand led  and 
p e r m i t t e d  an economical  g r i n d i n g  o p e r a t i o n .  
A r o t a r y  k n i f e  g r i n d e r  was chosen a s  t h e  s i z e  r e d u c e r  p r i m a r i l y  because  
o f  power c o s t s .  A hammer m i l l  h a s  a lower i n i t i a l  c o s t ,  b u t  u s e s  two t o  
t h r e e  t imes  a s  much horsepower p e r  u n i t  o f  c a p a c i t y .  The k n i f e  c u t t e r  
produces a  c l e a n  and homogeneous o u t p u t  and i s  more d u s t - f r e e  t h a n  a n  
a t t r i t i o n  m i l l  such a s  a  hammer m i l l  o r  s h r e d d e r .  
S o l i d s  Dry Handling 
C e l l u l o s e  p a r t i c l e s  a r e  f i b r o u s  and non f ree-f lowing.  T h e i r  u s u a l  b u l k  
d e n s i t y  i s  from f i v e  t o  e i g h t  pounds p e r  c u b i c  f o o t  ( a t  1 0  p e r c e n t  
m o i s t u r e ) .  They have a  h i g h  and i r r e g u l a r  a n g l e  of r e p o s e ,  and t e n d  t o  
b r i d g e  and a r c h  b a d l y ,  e s p e c i a l l y  when t h e i r  mois tu re  c o n t e n t  i s  above 1 5  
p e r c e n t .  The s o l i d s  a r e  noncompress ible ,  and when d r y ,  a r e  r a t h e r  a b r a s i v e  
t o  high-speed g r i n d e r s .  
The p i l o t  p l a n t  u t i l i z e s  a  pneumatic conveying system t o  t r a n s f e r  
s o l i d s  from t h e  g r i n d e r  t o  t h e  hopper .  S o l i d s  a r e  c o l l e c t e d  i n  a c ~ c l o n e  
and d e p o s i t e d  i n t o  a  v i b r a t o r y  hopper .  The v i b r a t o r y  a c t i o n  of t h e  hopper  
i n s u r e s  a  c o n s t a n t  f e e d  t o  t h e  v i b r a t o r y  mete r ing  screw f e e d e r .  The 
v i b r a t o r y  2- in .  screw w i l l  f e e d  a  con t inuous  s t r e a m  of r e l a t i v e l y  c o n s t a n t  
mass f low r a t e  t o  t h e  s l u r r y  t ank .  
When t h e  c e l l u l o s i c  s o l i d s  become mois t  o r  damp, i t  i s  ex t remely  
d i f f i c u l t  t o  avoid  b r i d g i n g  i n  hoppers ,  and a lmost  imposs ib le  t o  p r e v e n t  
jamming i n  screw f l i g h t s  o r  Moyno pumps. The p i l o t  p l a n t  s o l i d s  h a n d l i n g  
system was des igned  t o  avoid  mete r ing  s t reams  t h a t  were n o t  e i t h e r  d ry  
s o l i d s  o r  l i g h t  w a t e r  s l u r r y .  
Alkal i -Oxidat ion Treatment  
C e l l u l o s i c  s o l i d s  were c o n t a c t e d  w i t h  a l k a l i ,  de-watered, and e i t h e r  
c o n t a c t e d  w i t h  a i r  i n  an oven, o r  used d i r e c t l y  a f t e r  de-watering.  
S o l i d s  f lowing from t h e  f e e d e r  were f e d  i n t o  t h e  a l k a l i  s l u r r y  t a n k  
where they were  s l u r r i e d  w i t h  sodium hydroxide o f  from 2 t o  4 p e r c e n t  
c o n c e n t r a t i o n .  Trace  amounts o f  an  o x i d a t i o n  c a t a l y s t  were sometimes added 
t o  t h e  s l u r r y .  S o l i d s  d e n s i t y  i n  t h e  s l u r r y  t ank  w a s  u s u a l l y  h e l d  between 4 
and 8 p e r c e n t  by weight  s o l i d s .  The t a n k  was a g i t a t e d ,  and t h e  t empera tu re  
was v a r i e d  from ambient t o  160 F. Residence t i m e s  of  t h e  s o l i d s  i n  t h e  
s l u r r y  t a n k  were v a r i e d  from 30 minutes  t o  o v e r  one hour .  
The s l u r r y  was pumped con t inuous ly  from t h e  s l u r r y  t a n k  t o  a 
de-watering s t e p .  . I f  t h e  s o l i d s  were t o  r e c e i v e  f u r t h e r  o x i d a t i v e  
t r e a t m e n t ,  t h e y  were passed  th rough  t h e  de-water ing squeeze r o l l e r s  on  t h e  
o x i d a t i o n  oven. The l i q u i d  was r e t u r n e d  t o  t h e  s l u r r y  t a n k .  S o l i d s  e x i t i n g  
t h e  squeeze r o l l s  r e t a i n e d  about 60 p e r c e n t  m o i s t u r e .  These s o l i d s  were  
passed through t h e  oven where t h e y  were h e a t e d  and c o n t a c t e d  w i t h  a i r .  
S o l i d s  e x i t i n g  t h e  oven con ta ined  from 20 t o  40 p e r c e n t  m o i s t u r e  depending 
on t h e  s e v e r i t y  o f  t h e  o x i d a t i o n  t r e a t m e n t .  Temperature,  a i r  f low r a t e ,  and 
r e s i d e n c e  t imes  i n  t h e  oven were v a r i a b l e .  S u r f a c e  t empera tu re  o f  t h e  
r a d i a n t  h e a t i n g  e lements  i n  t h e  oven was v a r i e d  between 600 F and 900 F, and 
r e s i d e n c e  t ime of  s o l i d s  i n  t h e  oven s e t  a t  from two t o  s i x  minu tes ,  The 
e x t e n t  o f  t h e  o x i d a t i o n  r e a c t i o n  cduld  be  c o n t r o l l e d  i n  t h i s  way which 
determined t h e  f r a c t i o n  o f  c e l l u l o s e  and o t h e r  ca rbohydra tes  degraded t o  
w a t e r  s o l u b l e  p r o d u c t s .  The c e l l u l o s i c  s o l i d s  coming o u t  of t h e  oven were 
dropped i n  t h e  r e - s l u r r y  o r  f e e d  s t r e a m  make-up t a n k ,  Necessary i n o r g a n i c  
s a l t s ,  a n t i f o a m  a g e n t s ,  and s p e c i a l  n u t r i e n t s  were mixed w i t h  t h e  c e l l u l o s e  
and make-up w a t e r  i n  t h e  r e - s l u r r y  t a n k  t o  p r e p a r e  t h e  complete  f e r m e n t e r  
f eed  s t r e a m .  
S o l i d s  t h a t  were n o t  o x i d i z e d  i n  t h e  oven were pumped from t h e  s l u r r y  
t a n k  i n t o  a  b a t c h  de -wate r ing  s c r e e n  f i l t e r .  A l k a l i n e  l i q u i d  was removed 
and t h e  s o l i d s  were washed w i t h  w a t e r  t o  o b t a i n  a  f eed  m a t e r i a l  w i t h  a  
predetermined l e v e l  of  w a t e r  s o l u b l e  c a r b o h y d r a t e s .  Th i s  m a t e r i a l  was 
prepared f o r  f e rmente r  f eed  by b a t c h  mixing w i t h  i n o r g a n i c  s a l t s ,  a n t i f o a m  
a g e n t s ,  s p e c i a l  n u t r i e n t s ,  and w a t e r  i n  t h e  500 g a l l o n  b u l k  feed  s t o r a g e  
t a n k .  
A l k a l i  t r e a t m e n t  of  s u g a r  cane bagasse  i s  b e l i e v e d  t o  c a u s e  
d e p o l y m e r i z a t i o n ,  d e - c r y s t a l l i z a t i o n ,  d e - l i g n i f i c a t i o n ,  and s w e l l i n g  of t h e  
c e l l u l o s e  f i b e r ;  t h u s  i n c r e a s i n g  t h e  d i g e s t i b i l i t y  of t h e  c e l l u l o s e  by 
microorganisms,  The d i g e s t i b i l i t y  of  a l k a l i  t r e a t e d  c e l l u l o s e  was r e p o r t e d  
t o  be markedly d i f f e r e n t  between d i f f e r e n t  k i n d s  of  c e l l u l o s i c s .  The e f f e c t  
was s a i d  t o  be c o n s i d e r a b l y  more pronounced w i t h  hardwoods t h a n  w i t h  
so f twoods ,  3 5 y 3 6  Thus, t h e  optimum c o n d i t i o n s  of a l k a l i  t r e a t m e n t  shou ld  be 
e s t a b l i s h e d  f o r  each  s u b s t r a t e  used .  S i n c e  t h e  d i r e c t  concern  o f  t h e  
c o n t r a c t  was t h e  maximum p r o d u c t i o n  of  SCP, t h e  e f f e c t  of t h e  s e v e r i t y  of 
a l k a l i  t r e a t m e n t  on t h e  growth of t h e  ce l lu lomonas  has  been e v a l u a t e d .  
F i n e l y  ground bagasse  o b t a i n e d  from t h e  v i b r a t o r y  l i v e - b i n  hopper  i n  
t h e  p i l o t  p l a n t  was mixed i n t o  v a r i o u s  c o n c e n t r a t i o n s  of a l k a l i n e  s o l u t i o n  
(50 grams of  bagasse  pe r  l i t e r  of s o l u t i o n )  and k e p t  a t  room t e m p e r a t u r e  
w i t h  f r e q u e n t  a g i t a t i o n .  A p o r t i o n  of  t h e  s l u r r y  was withdrawn a t  f r e q u e n t  
t ime  i n t e r v a l s  and q u i c k l y  n e u t r a l i z e d  w i t h  h y d r o c h l o r i c  a c i d .  The e x c e s s  
l i q u i d  was t h e n  removed from t h e  c e l l u l o s e  by squeez ing  t h e  s l u r r y  i n  cheese  
c l o t h .  One p e r c e n t  wet we igh t  of  t h e  t r e a t e d  bagasse  was used a s  a  
s u b s t r a t e  w i t h  b a s a l  media d e s c r i b e d  i n  Table  5 .  
The v a r i o u s  media were t h e n  i n o c u l a t e d  w i t h  an e q u a l  amount of a c t i v e l y  
growing ce l lu lomonas  c u l t u r e  and incuba ted  a t  30 C on a  r o t a r y  s h a k e r .  
The growth r a t e  was determined by measuring t h e  t u r b i d i t y  w i t h  a  K l e t t  
c o l o r i m e t e r .  The k i n e t i c s  of c e l l  growth on t h e  bagasse  t r e a t e d  w i t h  
d i f f e r e n t  c o n c e n t r a t i o n s  of a l k a l i  and d i f f e r e n t  l e n g t h s  of t ime showed t h a t  
a l k a l i  t r e a t m e n t  of bagasse  s i g n i f i c a n t l y  i n c r e a s e d  t h e  growth r a t e  and t h e  
maximum c e l l  d e n s i t y  of t h e  organism. When a l l  bagasse  samples were  t r e a t e d  
f o r  f i v e  minu tes ,  t h e  growth r a t e  and maximum c e l l  d e n s i t y  was i n c r e a s e d  
p r o p o r t i o n a l l y  w i t h  t h e  i n c r e a s e  of a l k a l i  c o n c e n t r a t i o n  (F igure  2 4 ) .  
When t h e  bagasse  samples were t r e a t e d  f o r  two hours  w i t h  t h e  same 
c o n c e n t r a t i o n s  of a l k a l i ,  no s i g n i f i c a n t  d i f f e r e n c e  was observed among t h e  
a l k a l i  t r e a t e d  samples w i t h i n  t h e  range  of 0 . 5  t o  10 .0  p e r c e n t  sodium 
hydroxide c o n c e n t r a t i o n s ;  however, a  h i g h l y  s i g n i f i c a n t  d i f f e r e n c e  was noted 
between t h e  t r e a t e d  samples and a n  u n t r e a t e d  bagasse  c o n t r o l  ( F i g u r e  25) .  
S ince  a l k a l i  t r e a t m e n t  depolymerizes  t h e  c e l l u l o s e  polymer, i t  was 
suspec ted  t h a t  t h e  growth promoting e f f e c t  of t h e  a l k a l i  t r e a t m e n t  was t o  
provide more s o l u b l e  ca rbohydra te ,  which i s  more r e a d i l y  u t i l i z a b l e  by t h e  
organism t h a n  t h e  i n s o l u b l e  form of c e l l u l o s e .  It was shown t h a t  more 
ca rbohydra te  was indeed s o l u b i l i z e d  by t h e  a l k a l i  t r e a t m e n t  (Table  7 ) ;  
however, t h e  l e v e l  of s o l u b l e  ca rbohydra te  i n  t h e  f i n a l  media was n e g l i g i b l e  
because a l l  t h e  s o l u b l e  ca rbohydra te  was washed from t h e  bagasse  p r i o r  t o  
making t h e  media.  T h e r e f o r e ,  t h e  i n c r e a s e  i n  growth r a t e  of t h e  organism on 
a l k a l i  t r e a t e d  c e l l u l o s e  was n o t  due t o  p r o v i d i n g  s o l u b l e  c a r b o h y d r a t e  b u t  
due t o  some changes i n  t h e  i n s o l u b l e  form of c e l l u l o s e  f i b e r .  Th i s  
i n f e r e n c e  was confirmed by t h e  r e s u l t  t h a t  a l k a l i  t r e a t e d  and thoroughly  
washed bagasse  a l s o  suppor ted  t h e  growth of t h e  organism a s  w e l l  a s  a l k a l i  
t r e a t e d ,  unwashed bagasse .  
Time ( hours) 
Figure 24. Growth of cellulomonas on bagasse 
treated for f ive minutes in  d i f ferent  a l k a l i  
concentrations. 
Time (hours) 
Figure 25. Growth of cellulomonas on bagasse 
treated for two hours in dif ferent a lkal i  
concentrations. 
TABLE 7 
AMOUNT OF CARBOHYDRATE SOLUBILIZED BY ALKALI TREATMENT 
- 
Treatment Soluble  carbohydrate  mg/ml 
(Time, a l k a l i  con.) I n  t h e  a l k a l i n e  I n  t h e  growth media 
s l u r r y  (washed s u b s t r a t e )  











The p i l o t  p l a n t  c u l t u r e  media was composed of t he  c e l l u l o s e  source,  
water ,  inorganic  n u t r i e n t  s a l t s ,  t r a c e  minera ls ,  s p e c i a l  n u t r i e n t s ,  and 
ant i foam agents .  The o r i g i n a l  media used t h e  same chemicals a s  were used 
f o r  t h e  l abo ra to ry  shake- f lask  c u l t u r e s  (Table 5 ) .  The media was changed 
somewhat f o r  p i l o t  p l a n t  runs  t h r e e  through f i v e  (Table 8).  
I n  order  t o  determine the  s u b s t r a t e  u t i l i z a t i o n  c h a r a c t e r i s t i c s  of 
the cellulomonas organism,shake f l a s k  c u l t u r e s  were prepared w i t h  n ine  
d i f f e r e n t  carbon sources  (Table 9 ) .  A l l  of t h e  s u b s t r a t e s ,  except  t h e  
s u b s t i t u t e d  hydroxyethyl and methyl c e l l u l o s e s ,  supported growth wi th  
l a c t o s e  and g l y c e r o l  being t h e  b e s t  s u b s t r a t e s  (Figure 26).  
Laboratory t e s t s  were run  t o  seek  optimum l e v e l s  of n u t r i e n t  inorganics .  
Seve ra l  d i f f e r e n t  n i t rogen  sources  were used t o  f i n d  which b e s t  supported 
c e l l  growth. Ammonium b i s u l f a t e  and ammonium bicarbonate  performed b e t t e r  
than  t h e  r e s t ,  and sodium n i t r a t e  and ammonium a c e t a t e  supported no growth 
a t  a11 (Figure 27). 
Inorganic n i t rogen ,  i n  t he  form of ammonium s u l f a t e ,  was used a t  
d i f f e r e n t  l e v e l s  i n  shake f l a s k s  t o  determine optimum n i t rogen  l e v e l  (Table 
10) .  The t e s t  showed t h a t  t h e  n i t rogen  l e v e l  had l i t t l e  e f f e c t  on i n i t i a l  
growth. Ul t imate ly ,  of course ,  n i t rogen  l e v e l  would cause growth l i m i t a t i o n ,  
and would have t o  be maintained a t  a  c e r t a i n  l e v e l .  
The e f f e c t s .  of t he  l e v e l  of inorganic  phosphate was a l s o  checked (Table 
11).  Optimum l e v e l s  were seen  t o  be from 0.04 t o  0.08 percent  phosphorous. 
I n  a d d i t i o n  t o  e f f e c t s  on c e l l  d e n s i t y  l e v e l s , c e l l  growth r a t e  was a l s o  
a f f e c t e d  (Figure 28).  
I n  t he  o r i g i n a l  n u t r i e n t  media used i n  t h e  i s o l a t i o n  of t h e  organism, 
TABLE 8 
PILOT PLANT MEDIA COMPOSITION FOR RUNS THREE, FOUR, AND FIVE 
Component Amount f o r  1 l i te r  
Subs t r a t e :  Trea ted  bagasse (dry weight)  6.0 grams 
Nu t r i en t s :  Ammonium s u l f a t e  3 .0  grams 
Potassium phosphate (d ibas i c )  0 .5  grams 
Potassium phosphate (monobasic) 0 . 5  grams 
Magnesium s u l f a t e  0 . 1  grams 
Calcium c h l o r i d e  0 . 1  grams 
Other:  
Sodium c h l o r i d e  
Yeast E x t r a c t  
* Trace Minerals  
Polyglycol  P-2000 
Water 
* Trace Minerals  composition 
Calcium c h l o r i d e  
F e r r i c  c h l o r i d e ,  6B20 
Zinc s u l f a t e ,  7H20 
Copper s u l f a t e ,  5H20 
3.0 grams 
0 . 3  grams 
1 .0  m l  
0 . 1  m l  
To 1.0 l i t e r  
0 .5  g r a m s l l i t e r  
16.7 g r a m s l l i t e r  
0 .18  g r a m s l l i t e r  
0.16 g r a m s l l i t e r  
Cobaltous c h l o r i d e ,  6H20 0.18 g r a m s l l i t e r  
Ethylenedinitrilotetraacetic a c i d  20 .1  g r a m s l l i t e r  
TABLE 9  
EFFECT OF DIFFERENT CARBON SOURCES ON THE 
GROWTH OF CELLULOMONAS 
Carbon Source 
(10 g / l )  
Op t i ca l  Densi ty  
( K l e t t  Uni t )  
C e l l  y i e l d a  
(dry wt . ) 








Methyl c e l l u l o s e  
Hydroxyethyl c e l l u l o s e  
- -- - - - -- - 
a ~ e l l u l o m o n a s  grown i n  base1 media f o r  96 hours i n  shake tubes a t  30 C .  
sodium c h l o r i d e  was included a t  a l e v e l  of 6 .0 grams per l i t e r .  Tes t s  
have shown t h a t  l e s s  sodium c h l o r i d e  w i l l  g ive  much t h e  same growth response 
(Table 12 and Figure  2 9 ) .  However, t o t a l  exc lus ion  of sodium c h l o r i d e  i n  
p i l o t  u n i t  fermenter  runs produced low c e l l  growth and slow growth r a t e s .  
The l e v e l  af t r a c e  minera l  s o i u t i o n  i n  t he  c u l t u r e  media was t e s t e d ,  
and optimum l e v e l  was found t o  be from 0 .5  t o  1.0 m l .  per l i t e r  of media 
(Table 13 and Figure  30) .  
Since i t  would not prove i n d u s t r i a l l y  f e a s i b l e  t o  u se  t h e  l abo ra to ry  
grade chemicals t h a t  had been used i n  t h e  p i l o t  p l a n t  and l abo ra to ry  
0 20 40 60 80 100 
Time (hours)  
Figure 26. Effect of d i f f e r e n t  carbon sources on the 
growth of cel lulomonas. 
20 40  60 80 100 
Time ( hours ) 
1, Ammonium b i s u l f a t e  6. Ammonium s u l f a t e  
2. Ammonium b i c a r b o n a t e  7. Urea 
3. Ammonium c h l o r i d e  8. Sodium n i t r a t e  
4. Ammonium n i t r a t e  9. Ammonium a c e t a t e  
5. Ammonium s u l f i t e  
Figure 2 Z  ~ f f e c t  of different nitrogen sources on the growth 
TABLE LO 
EFFECT OF NITROGEN LEVEL ON Tm GROWTH OF CELLULOMONAS 
Ni t rogen  Level  - N O p t i c a l  Dens i ty  C e l l  y i e l d a  
(% (NH4) 2S04) P ( K l e t t  U n i t s )  (d ry  wt . ) 
( d l )  
a ~ e l l u l o m o n a s  grown i n  b a s a l  media p l u s  v a r i o u s  l e v e l s  of n i t r o g e n  
f o r  92 hours  i n  shake t u b e  a t  30 C .  Basa l  media con ta ined  CMC 10 g / l ;  
K HPO 2.0 g / l ;  KH2P04 2.0 g l l ;  mgso4 0.1 g / l ;  C a  c12 0 . 1  g l l ;  y e a s t  2  4  
e x t r a c t  0 . 5  g / l .  
f e r m e n t a t i o n s ,  v a r i o u s  i n d u s t r i a l  and f e r t i l i z e r  g rade  chemica l s  were 
t e s t e d  t o  f i n d  l e s s  expens ive  rep lacements  f o r  t h e  n i t r o g e n  and phosphorous 
s o u r c e s .  S e v e r a l  f e r t i l i z e r  g rade  chemicals  were t r i e d  a s  n u t r i e n t  
r ep lacements  w i t h  v a r y i n g  degrees  of s u c c e s s  (Table  14).  
From t h e s e  t e s t s  a  media was developed t h a t  used some of t h e  f e r t i l i z e r  
g rade  chemicals  and some of t h e  l a b o r a t o r y  g rade  chemcia l s .  A n i t r o g e n  t o  
phosphorous t o  potass ium (N-P-K) r a t i o  of about  5  t o  1 t o  O , l  was main ta ined .  
Th is  media was used i n  p i l o t  p l a n t  r u n s  s i x  through 15 (Table  15) .  
TABLE 11 
EFFECT OF PHOSPHATE LEVEL ON THE GROWTH OF CELLULOMONAS 
Phosphate  Level 
(%P) 
N - O p t i c a l  Dens i ty  C e l l  Yie lda  
P ( K l e t t  U n i t s )  (d ry  w t . )  
(g/ 1) 
aCellulomonas grown i n  b a s a l  media p lus  v a r i o u s  l e v e l s  of phosphate  
f o r  48 h o u r s  i n  shake tube  a t  30 C .  
Fermenter and Feed Stream S t e r i l i z a t i o n  
P r i o r  t o  t h e  s t a r t  of each r u n  t h e  fe rmente r  was f i l l e d  w i t h  media and 
s t e r i l i z e d .  A11 a i r  and feed  i n l e t  and o u t l e t  l i n e s ,  sampling l i n e s  and 
v a l v e s ,  i n o c u l a t i n g  p o r t s ,  and a c i d  and b a s e  i n l e t  p o r t s  were s t e r i l i z e d  a t  
t h e  same t i m e .  Steam a t  40 p s i g  was used f o r  s t e r i l i z a t i o n  of a l l  l i n e s ,  
v a l v e s ,  and f i l t e r s ,  and was used i n  t h e  fe rmente r  j a c k e t  t o  h e a t  t h e  
c u l t u r e  media.  I n i t i a l  s t e r i l i z a t i o n  t empera tu re  curves  f o r  t h e  f e r m e n t e r  
and a 1 1  l i n e s ,  f i l t e r s ,  and p o r t s  show t h e  s e v e r i t y  of i n i t i a l  s t e r i l i z a t i o n  
t echn iques  ( F i g u r e  3 1) , 
Time (hours) 
Figure 28. Effect o f  phospkate level on the growth 
sf cel lulomones. 
T A B U  12 
EFFECT OF SODIUM CHLORIDE LEVEL ON THE GROWTH OF CELLULOMONAS 
NaCl Level  
(% NaC1) 
K l e t t  U n i t  C e l l  Y i e l d a  
( d r y  wt . ) 
( g i l l  
a ~ e l l u l o m o n a s  grown i n  b a s a l  media f o r  24 hours  on shake t u b e  a t  30 C .  
When t h e  c e l l  d e n s i t y  i n  t h e  fe rmente r  had reached t h e  v a l u e  d e s i r e d ,  
t h e  con t inuous  feed  s t e r i l i z a t i o n  s e c t i o n  was s t e r i l i z e d  and con t inuous  feed  
s t e r i l i z a t i o n  s t a r t e d .  
The main f e e d  pump and t h e  s team i n j e c t o r  r e - c y c l e  pump were s t a r t e d  
and s team was f e d  i n t o  t h e  i n j e c t o r .  During t h i s  t ime,  t h e  pumped l i q u i d  
s t r e a m  was f l o w i n g  through t h e  s t e r i l i z i n g  h o l d i n g  s e c t i o n ,  t h e  e v a p o r a t i v e  
c o o l e r ,  t h e  c h i l l e d  w a t e r  h e a t  exchanger ;  and was r e - c y c l e d  t o  t h e  r e - s l u r r y  
t a n k  o r  b u l k  feed  tank.  
The s team i n j e c t o r  t empera tu re  c o n t r o l  v a l v e  was s e t  t o  m a i n t a i n  a  
pre-chosen t empera tu re  ( u s u a l l y  300 F) f o r  l i q u i d  e x i t i n g  t h e  i n j e c t o r .  
T h i s  h o t  s t r e a m  was flowed through t h e  r e s t  of t h e  s t e r i l i z e r  sys tem and 
r e - c y c l e d  t o  t h e  r e - s l u r r y  or  feed  t a n k .  The s t e r i l i z i n g  h o l d i n g  s e c t i o n ,  
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Figure 29. Effect of sodium chloride level on the growth 
of Cellulomonas . 
TABLE 13 
a T r a c e  Minera l  
S o l u t i o n  
(ml / l )  
K l e t  t 
Uni t  
C e l l  y i e l d b  
(dry  w t  . ) 
( g / l )  
% i n e r a 1  s o l u t i o n  c o n t a i n s :  
CaC l2 0 . 5  g / l  
F e e l 3  ' 6H20 0.167 g / l  
ZnSOq 7H20 0 . 1 8  g / l  
CuS04 . 5H20 0.16 g / l  
CoC12 6H20 0 .18  g / l  
EDTA 20.1  g / l  
b Cellulomonas grown on b a s a l  media f o r  26 hours  on r o t a r y  s h a k e r .  
0 20 48 60 88 
Time (hours) 
Figure 30. Effect sf trace mineral level on the 
growth of cel lulsmsnas. 
TABLE 14 
REPLACEMENT INORGANIC NUTRIENTS 
- -  - - 
R e s u l t s  
Ni t rogen  Sources  Good F a i r  Poor 
Ammonium s u l f a t e  (NH4)2S04 - a s  used 
i n  l a b o r a t o r y  medium 
Urea, i n d u s t r i a l  g rade  (Company A) 
Urea,  f e r t i l i z e r  g rade  (Company A) 
Ammonium polyphosphate ,  TVA 
F e r t i l i z e r  g rade  
Ammonium c h l o r i d e  , i n d u s t r i a l  
g rade  
Ammonium n i t r a t e  - Urea,  
f e r t i l i z e r  mix (Company B) 
Ammonium polyphosphate ,  f e r t i l i z e r  
g rade  (Company B) 
250 F f o r  from 30 minutes  t o  one hour p r i o r  t o  s t a r t i n g  t h e  c o o l e r s .  A f t e r  
t h e  h e a t  exchangers  and feed  p i p i n g  were s t e r i l i z e d ,  t h e  c o o l i n g  w a t e r  was 
tu rned  on i n  t h e  e v a p o r a t i v e  c o o l e r  and t h e  c h i l l e d  w a t e r  h e a t  exchanger .  
The t empera tu re  of t h e  feed  s t r e a m  was t h e n  a d j u s t e d  and allowed t o  r e a c h  
e q u i l i b r i u m  i n  a l l  p a r t s  of t h e  s t e r i l i z i n g - c o o l i n g  s e c t i o n .  E q u i l i b r i u m  
tempera tu res  were main ta ined  i n  a l l  p a r t s  of t h e  con t inuous  f e e d  
s t e r i l i z a t i o n  s e c t i o n  d u r i n g  a con t inuous  f e r m e n t a t i o n  ( F i g u r e  3 2 ) .  
Work by Han and o t h e r s  h a s  shown t h a t  t h e  g e r m i c i d a l  e f f e c t  of sodium 
hydroxide c o n s i d e r a b l y  enhances t h e  k i l l  r a t e  of b a c t e r i a  and s p o r e s  i n  a  
h e a t  s t e r i l i z a t i o n . 3 7  
For t h i s  exper iment ,  a spore-forming bac te r ium was i s o l a t e d  from s u g a r  
cane b a g a s s e .  The s p o r e  s u s p e n s i o n  was t h e n  s u b j e c t e d  t o  v a r i o u s  combinat ions  
of t ime ,  t e m p e r a t u r e ,  and a l k a l i  c o n c e n t r a t i o n  and t h e  r a t e s  of d e s t r u c t i o n  
TABLE 15 
PILOT PLANT NUTRIENT PlEDIA FOR RUNS 6 THROUGH 15 
Component Amount per l i t e r  
S u b s t r a t e :  Treated bagasse or  p u r i f i e d  
ground wood pulp 5.0 grams 
Ammonium polyphosphate (15 t o  27.1 t o  0) 0.73 grams 
Ammonium c h l o r i d e ,  i n d u s t r i a l  grade 
Sodium c h l o r i d e ,  i n d u s t r i a l  grade 
Calcium s u l f a t e  (or  calcium c h l o r i d e )  
3 . 4  grams 
3.0 grams 
0 . 1  grams 
Magnesium s u l f a t e  0 .1  grams 
Potassium phosphate, d i b a s i c  
Yeast e x t r a c t  or  yeas t  l i s a t e *  
Trace minera ls  s o l u t i o n ,  a s  i n  Table 8 
Polyglycol ,  P-2000 
0.75 grams 
0.2 grams 
Water t o  1.0 l i t e r  
*yeast l i s a t e  was prepared by t h e  concent ra t ion  and ly s ing  of brewers 
y e a s t  obtained f r e s h  from the  Jackson Brewing Company, New Orleans, La. 
-- - 
were determined f o r  each s e t  of combinations. A s e r i e s  of s u r v i v a l  curves 
and thermal  dea th  time curves revea led  a  d i f f e r e n t  mode of dea th  between 
dea th  by h e a t  and by a l k a l i .  Incorpora t ing  a l k a l i  w i t h  hea t ,  t he  dea th  r a t e s  
of b a c t e r i a l  spores  were increased  and the  s lope  of the  thermal dea th  time 
curve was changed. 
From a  s e r i e s  of thermal d e s t r u c t i o n  curves and a l k a l i n e  d e s t r u c t i o n  
curves ,  an empi r i ca l  equat ion  express ing  the r e l a t i o n s h i p  between t h e  death 
r a t e ,  temperature,  and a l k a l i  concen t r a t ion  was e s t a b l i s h e d .  The equat ion  
expresses  t h a t  the  dea th  r a t e  of the  b a c t e r i a l  spore i s  a f f ec t ed  exponent ia l ly  
by temperature and d i r e c t l y  by a l k a l i  concent ra t ion .  Using t h e  equat ion ,  
s t e r i l i z a t i o n  time f o r  var ious  combinations of hea t  and a l k a l i  was determined 
and t h e  o v e r a l l  c o r r e l a t i o n  index between the  experimental  d a t a  and t h e  
computed va lue  was 0.877. 
Time (hours) 
Figure 31. In i t ia l  s ter i l i za t ion  p r o f i l e .  

I n o c u l a t i o n  and Fermenta t ion  
Cellulomonas,  gn. b a c t e r i a  were k e p t  i n  pure  s l a n t  c u l t u r e s  on n u t r i e n t  
a g a r .  From t h e  t e s t  t u b e  c o n t a i n i n g  a  s l a n t  c u l t u r e  of ce l lu lomonas ,  a 
l o o p f u l  of c u l t u r e  was t r a n s f e r r e d  t o  a  t e s t  t u b e  c o n t a i n i n g  s t e r i l e  media 
( b a s a l  media p l u s  a  s t r i p  of f i l t e r  paper)  and incuba ted  f o r  two days  u n t i l  
v i s u a l  t u r b i d i t y  was observed.  The a c t i v e l y  growing c u l t u r e  was t h e n  
propagated up t o  15 l i t e r s  by u s i n g  5  t o  10 p e r c e n t  inoculum volume each  
t r a n s f e r  s t e p .  F i l t e r  paper was used a s  a s o l e  ca rbon  s o u r c e  i n  e a r l y  
s t a g e s  of p r o p a g a t i o n  and a l k a l i  t r e a t e d  bagasse  o r  ground wood pu lp  
r e p l a c e d  f i l t e r  paper  i n  t h e  15 l i t e r  c u l t u r e .  A l l  t h e  f l a s k  c u l t u r e s  were 
incuba ted  on a  r o t a r y  s h a k e r  a t  30 C ,  w h i l e  t h e  15 l i t e r  carboy was 
incuba ted  a t  room . t empera tu re  and a e r a t e d  w i t h  f i l t e r e d  a i r .  The c u l t u r e  
was a l lowed t o  r e a c h  a  c e l l  d e n s i t y  of from 300 t o  500 K l e t t  u n i t s  i n  t h e  15 
* 
l i t e r  carboy.  
When t h e  t empera tu re  of t h e  fe rmente r  had cooled t o  t h e  p roper  v a l u e  
(shown i n  F i g u r e  31) ,  t h e  15 l i t e r  inoculum was pumped i n  through t h e  
p r e v i o u s l y  s t e r i l i z e d  i n o c u l a t i o n  p o r t .  A l l  f e r m e n t a t i o n  v a r i a b l e s  were  s e t  
a t  t h e i r  p roper  c o n t r o l  p o i n t s ,  and b a t c h  growth of t h e  organism s t a r t e d .  
A g i t a t i o n  of t h e  c u l t u r e  was e f f e c t e d  e i t h e r  by u s e  of a  d r a f t - t u b e  o r  
by a t u r b i n e  a g i t a t o r  and b a f f l e  sys tem.  The d r a f t - t u b e  l e f t  abou t  30 
p e r c e n t  dead volume i n  t h e  fe rmente r ,  and was n o t  a s  e f f i c i e n t  i n  promoting 
oxygen t r a n s f e r  and mixing a s  was che mechanical  a g i t a t o r .  38 The mechan ica l  
J. 
"A K l e t t  u n i t  i s  a  r e a d i n g  of o p t i c a l  d e n s i t y  i n  a  Klett-Summerson 
c o l o r i m e t e s ,  and w i t h  organisms 1 ,000 K l e t t  u n i t s  e q u a l  a 
b a c t e r i a l  c e l l  d e n s i t y  of abou t  1 . 3  grams per l i t e r  d r y  w e i g h t .  
a g i t a t o r  had e s s e n t i a l l y  z e r o  p e r c e n t  dead volume, promoted b e t t e r  oxygen 
t r a n s f e r ,  and k e p t  t h e  c o n t e n t s  of t h e  v e s s e l  more homogeneously mixed. 
The a g i t a t o r  was u s u a l l y  r u n  a t  117 RPM, b u t  subsequent  runs  have shown t h a t  
h i g h e r  a g i t a t i o n  speeds  promote f a s t e r  growth r a t e s  and b e t t e r  oxygen 
t r a n s f e r ,  and a g i t a t i o n  speeds  up t o  about 300 RPM have been used ( F i g u r e  4 0 ) .  
The f a s t e r  a g i t a t i o n  r a t e s ,  however, promote fo rmat ion  of a s t a b l e  foam t h a t  
i s  hard  t o  b r e a k  by an t i foam a g e n t  a d d i t i o n .  
A i r  used i n  fe rmente r  a e r a t i o n  was t a k e n  d i r e c t l y  from t h e  90 p s i  
m i s s l e  g rade  a i r  sys tem of t h e  b u i l d i n g .  The a i r  was f i l t e r e d  b e f o r e  
e n t e r i n g  t h e  fe rmente r  i n  one of two p a r a l l e l ,  s team j a c k e t e d ,  g l a s s  f i b e r  
d e p t h  f i l t e r s .  A e r a t i o n  r a t e  was s e t  and a u t o m a t i c a l l y  c o n t r o l l e d  by t h e  
fe rmente r  p r e s s u r e - a e r a t i o n  r a t e  c o n t r o l  system. A e r a t i o n  r a t e  was u s u a l l y  
s e t  a t  about  two volumes of a i r  a t  s t a n d a r d  t empera tu re  and p r e s s u r e  per  
volume of c u l t u r e  media per  minute .  Th i s  h i g h  r a t e  was chosen t o  presumably 
. 
a s s u r e  a s u f f i c i e n t  oxygen supp ly  t o  t h e  c u l t u r e .  
The c o n c e n t r a t i o n  of d i s s o l v e d  oxygen i n  a growing c u l t u r e  was 
moni tored i n  b o t h  d r a f t - t u b e  and t u r b i n e  a g i t a t e d  c u l t u r e s ,  and i n  p u r e  
cel lu lomonas  and mixed c u l t u r e s .  The t r a n s f e r  of oxygen from g a s  t o  
l i q u i d  phase was d i r e c t l y  e f f e c t e d  by degree  of a g i t a t i o n ,  and a n  i n c r e a s e  
i n  a g i t a t o r  speed u s u a l l y  was fol lowed by an  i n c r e a s e  i n  growth r a t e  
( F i g u r e  4 0 ) .  At h i g h  c e l l  d e n s i t i e s  and h i g h  growth r a t e s  t h e  c u l t u r e  
would be l i m i t e d  by oxygen t r a n s f e r  i f  enough s u b s t r a t e  was p r e s e n t .  
As s u b s t r a t e  was consumed, growth would become s u b s t r a t e  l i m i t e d ,  and 
d i s s o l v e d  oxygen c o n c e n t r a t i o n  would g r a d u a l l y  b u i l d  up t o  s a t u r a t i o n  
l e v e  1. 
The pH of t h e  c u l t u r e  media was main ta ined  between 6 . 5  and 6 . 7  
d u r i n g  a  r u n  by e i t h e r  a c i d  or  b a s e  a d d i t i o n .  During a c t i v e  f e r m e n t a t i o n  
t h e  pH tended t o  drop due t o  t h e  f e r m e n t a t i v e  p r o d u c t i o n  of by-product 
and n u c l e i c  a c i d s .  During t h e  growth phase on ly  base ,  anhydrous ammonia 
was added i f  t h e  feed  m a t e r i a l  was n o t  t o o  h i g h l y  a l k a l i n e .  I f  t h e  
p rocess  was l e f t  untended f o r  any l e n g t h  of t ime d u r i n g  a c t i v e  growth,  
t h e  pH would f a l l  t o  6 .0  o r  lower, and f e r m e n t a t i o n  would slow o r  c e a s e .  
I f  t h e  pH r o s e  t o  a  v a l u e  of 8 .5 o r  9.0 by a d d i t i o n  of a l k a l i ,  t h e  
a c i d  produced by t h e  f e r m e n t a t i o n  would b r i n g  i t  back down t o  t h e  proper  
range ,  bu t  c e l l u l a s e  a c t i v i t y  a t  such a h i g h  pH was n o t  optimum. 
The t empera tu re  of t h e  c u l t u r e  media was a u t o m a t i c a l l y  c o n t r o l l e d  
and recorded .  The u s u a l  s e t t i n g  was between 9 1  F  and 94 F. A t empera tu re  
r ise  t o  104 F  o r  105 F  d i d  n o t  h u r t  t h e  growing c u l t u r e ,  and a  drop t o  
80 F  o r  85 F  had only  a s l i g h t  s lowing e f f e c t  on t h e  growth r a t e .  
Fermenter p r e s s u r e  was c o n t r o l l e d  by t h e  fe rmente r  a i r  o u t l e t  v a l v e .  
The v e s s e l  was u s u a l l y  r u n  w i t h  an  i n t e r n a l  p r e s s u r e  of 10 p s i g .  T h i s  was 
. 
done t o  permit  smooth, p o s i t i v e  o p e r a t i o n  of t h e  a e r a t i o n  c o n t r o l  sys tem and 
t o  minimize chances  of con tamina t ion  th rough  leakage  around v a l v e s  o r  s h a f t  
s e a l s .  Higher p r e s s u r e s  were used t o  i n c r e a s e  d i s s o l v e d  oxygen i n  r u n s  
t h a t  were oxygen l i m i t e d .  
It should be noted h e r e  t h a t  no e f f o r t  has  been made t o  d e f i n e  t h e  
q u a n t i t a t i v e  e f f e c t s  of pH, a e r a t i o n ,  a g i t a t i o n ,  p r e s s u r e ,  o r  t empera tu re .  
The s e t t i n g s  of t h e s e  v a r i a b l e s  were chosen e i t h e r  by e x t r a p o l a t i o n  from 
l a b o r a t o r y  d a t a  o r  by e x p e r i e n c e .  T h e i r  q u a n t i t a t i v e  e f f e c t s  should  and 
w i l l  be d e f i n e d ,  b u t  t h a t  work has  no t  been completed.  
The c o n c e n t r a t i o n s  of c e l l s  and s o l u b l e  ca rbohydra tes  were determined 
by p e r i o d i c  sampl ing of t h e  c u l t u r e  media, C e l l  c o n c e n t r a t i o n  was r e p o r t e d  
i n  K l e t t  o p t i c a l  d e n s i t y  u n i t s ,  and s o l u b l e  c a r b o h y d r a t e  determined a s  
m i l l i g r a m s  per  l i t e r  (mg. / l i t e r ) .  C e l l  and s o l u b l e  ca rbohydra te  
c o n c e n t r a t i o n s  f o r  a  ba tch  f e r m e n t a t i o n  where unwashed a l k a l i - o x i d a t i o n  
t r e a t e d  s u g a r  cane bagasse  was used a s  s u b s t r a t e  a r e  p r e s e n t e d  (F igure  33) .  
The c e l l  d e n s i t y  curve  f o r  a  cont inuous  run  i s  a l s o  p r e s e n t e d  ( F i g u r e  34) .  
T y p i c a l  curves  a r e  p r e s e n t e d  f o r  t h e  same v a r i a b l e s  i n  b a t c h  runs  u s i n g  
unwashed, t r e a t e d  bagasse  (F igure  35) and washed, t r e a t e d  bagasse  o r  wood 
pu lp  (F igure  3 6 ) .  
C e l l  d e n s i t y  v e r s u s  t ime v a l u e s  have been c o l l e c t e d  f o r  a l l  p i l o t  p l a n t  
b a t c h  and con t inuous  runs .  I f  t h e  d a t a  from t h e  b a t c h  runs  a r e  ana lyzed  by 
t h e  method of  Adams and Hungate, c o n s t a n t s  may b e  e v a l u a t e d  f o r  use  i n  t h e  
cont inuous  flow p r o c e s s .  39 
To e v a l u a t e  t h e  c e l l  p r o d u c t i o n  p o t e n t i a l  f o r  a  p a r t i c u l a r  b a t c h  
c u l t u r e  i n  a cont inuous  flow f e r m e n t e r ,  t h e  c e l l  c o n c e n t r a t i o n  (X) i s  
p l o t t e d  v e r s u s  t h e  t ime ( t ) .  (F igure  37) .  Then t h e  s l o p e  of t h e  growth 
dX i s  taken  a t  s e v e r a l  p o i n t s  and p l o t t e d  v e r s u s  t h e  c e l l  curve - 
d t  
4 
c o n c e n t r a t i o n  ( F i g u r e  38) .  To f i n d  t h e  growth r a t e  c o n s t a n t  ( k ) ,  t h e  s l o p e  
dX 
v e r s u s  X curve  i s  taken .  o f  a  l i n e  from t h e  o r i g i n  t o  any p o i n t  on t h e  - 
d t  
I n  a  s i n g l e  s t a g e ,  backmix fe rmente r  k  e q u a l s  D ( t h e  d i l u t i o n  r a t e ,  hours-') 
i f  t h e  c e l l  growth i s  s u b s t r a t e  l i m i t e d .  The p r e d i c t e d  e q u i l i b r i u m  c e l l  
c o n c e n t r a t i o n  may b e  t aken  from t h e  - dX v e r s u s  X c u r v e  by dropping 
d t  
p e r p e n d i c u l a r l y  t o  t h e  o r d i n a t e ,  X, and r e a d i n g  t h e  c o n c e n t r a t i o n .  A c u r v e  
may then be p l o t t e d  o f  a l l  c e l l  p r o d u c t i o n  ( P ) ,  which i s  t h e  feed  r a t e  t i m e s  
e q u i l i b r i u m  c e l l  c o n c e n t r a t i o n ,  v e r s u s  t h e  f e e d  r a t e  t o  f i n d  t h e  optimum 
o p e r a t i n g  range o f  t h e  cont inuous  fe rmente r  (F igure  39) .  The maximum 
v o l u m e t r i c  p r o d u c t i o n  e f f i c i e n c y  (VPE) o f  t h e  fe rmente r  may be c a l c u l a t e d  a s  
grams dry  c e l l s  p e r  l i t e r  p e r  hour .  
I n  cont inuous  r u n s ,  t h e  feed  s t r e a m  was s t a r t e d  d u r i n g  t h e  l o g  phase of 
growth (F igure  34) .  An a r b i t r a r y  feed  r a t e  was chosen i n i t i a l l y ,  and t h e  
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Figure 33. Cell density and soluble carbohydrate concen- 
tration versus time ?or a batch fermentation. 
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Figure 35. Fermentation of unwashed treated bagasse. 
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Figure 36. Fermentation of washed treated bagasse 
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Figure 39. Determination of maximum cell 
production and optimum feed rate. 
c e l l  dens i ty  u sua l ly  ro se  o r  f e l l  depending on t h e  r a t e  of feed.  The feed  
r a t e  was ad jus t ed  t o  t h e  des i r ed  va lue  t o  permit t h e  c e l l  dens i ty  t o  reach 
equi l ibr ium. Volumetric product ion e f f i c i e n c y  was then determined, and some 
v a r i a b l e  changed. The c e l l  dens i ty  was aga in  allowed t o  reach equi l ibr ium 
and the  VPE aga in  ca l cu la t ed .  This procedure was continued t o  t h e  end of 
t h e  run. 
Data from a l l  succes s fu l  batch and continuous runs of t h e  p i l o t  p l a n t  
were c o l l e c t e d  and used f o r  c a l c u l a t i o n  of fermentat ion r a t e s  and 
e f f i c i e n c i e s  (Table 16 ) .  Batch runs of from 24 t o  182 hours du ra t ion  were 
made and continuous flow was maintained f o r  from 30 t o  74 hours .  Bagasse o r  
wood pulp was i n i t i a l l y  charged a t  from 5.0 t o  10.0 grams p e r  l i t e r  of media, 
and the  continuous feed  s t reams h e l d  5.0 grams p e r -  l i t e r .  From 53 t o  91  
percent  of t h e  bagasse f ed  was s o l u b i l i z e d  during t h e  ba tch  runs ;  t h e  longer  
runs gene ra l ly  consuming more of t h e  bagasse. This  was not  s t r i c t l y  t r u e  i n  
. 
a l l  ca ses ,  and i t  i s  f e l t  t h a t  t h e  i n i t i a l  a l k a l i n e  oxida t ion  t reatment  may 
c o n t r o l  t h e  i n i t i a l  degree of bagasse s o l u b i l i z a t i o n .  The more seve re ly  
t r e a t e d  bagasse d i s so lves  (and i s  thus  metabolized) more thoroughly than  
bagasse wi th  more mild t reatment .  Continuous flow c u l t u r e s  could probably 
be maintained a t  a u t i l i z a t i o n  e f f i c i e n c y  of from 50 t o  70 percent  depending 
on res idence  time. 
Log phase c e l l  mass doubling times ranged from 1 .8  t o  4.5 hours f o r  
bagasse,  and from 2.5 t o  5.0 hours f o r  p u r i f i e d  wood pulp. Average c e l l  
mass doubling time f o r  bagasse grown c u l t u r e s  was about 3.6 hours .  VPE 
values were c a l c u l a t e d  from a l l  ba tch  run d a t a ,  and t h e  va lues  ranged from 
3.02 t o  0.162 f o r  pure c u l t u r e s ,  and 0.512 f o r  t h e  symbiotic c u l t u r e .  
Experimental continuous VPE va lues  were 0.033 and 0.098. This  showed t h a t  
about one gram of dry SCP could be produced f o r  each s i x  l i t e r s  of pure 
cellulomonas c u l t u r e  volume every hour.  
TABLE 16 
FERMENTATION BATCH AND CONTINUOUS RUN DATA 
FOR 141 GALLON PILOT PLANT FERMENTER 
Run Number 
4 ~ ~  4ca 5 6 
Length of r u n  (hours )  30 
Weight of i n i t i a l  bagasse  
s u b s t r a t e  (grams d r y  weigh t )d  3120 
Weight of bagasse  recovered 
a f t e r  f e r m e n t a t i o n  (grams 
d r y  weigh t )  - - 
P e r c e n t  bagasse  s o l u b i l i z e d  - . 
Weight of c e l l s  a t  end of 
b a t c h  (grams d r y  weight)  244 
Log phase mass doubl ing  
t ime,  (tmd - h o u r s )  4.4 
Log phase growth r a t e  
c o n s t a n t f  (hours-') 
Maximum c e l l  d e n s i t y  (grams 
d r y  w e i g h t l l i t e r )  0.47 
C a l c u l a t e d  v o l u m e t r i c  
p r o d u c t i o n  e f f i c i e n c y  b  0 .0525 
A c t u a l  v o l u m e t r i c  product  ion 
e f f i c i e n c y  ( m a x i r n ~ m ) ~  - - 
- - -- -- - - - 
aB and C d e s i g n a t i o n s  r e p r e s e n t  t h e  r e s p e c t i v e  b a t c h  and con t inuous  
f low p a r t s  of t h e  same run .  Values g i v e n  a r e  f o r  t h e  c u l t u r e  i n  e q u i l i b r i u m .  
b ~ o l u m e t r i c  Produc t ion  E f f i c i e n c y  i s  g i v e n  as  grams of d r y  c e l l  mass 
produced per  l i t e r  of c u l t u r e  media per  hour .  These v a l u e s  a r e  c a l c u l a t e d  
from b a t c h  d a t a .  
C Volumetric P r o d u c t i o n  E f f i c i e n c y  v a l u e s  e x p e r i m e n t a l l y  determined 
from con t inuous  r u n  d a t a .  
TABLE 16 (Continued) 
FERMENTATION BATCH AND CONTINUOUS RUN DATA 
FOR 141  GALLON PILOT PLANT FERMENTER 
Run Number 
8  9  1 0  
Length of r u n  (hours)  117 90 
Weight of i n i t i a l  bagasse  
s u b s t r a t e  (grams d r y  weight)d  2650 2650 
Weight of bagasse  recovered 
a f t e r  f e r m e n t a t i o n  (grams 
d r y  weigh t )  299 248 
P e r c e n t  bagasse  s o l u b i l i z e d  89.0% 90.8% 
Weight of c e l l s  a t  end of 
b a t c h  (grams d r y  weight)  434 890 
Log phase mass doubl ing  
t ime ,  (tmd - h o u r s )  3 . 2  3 . 3  
. 
Log phase growth r a t e  
c o n s t a n t  (hoursm1) 0.128 0.140 
Maximum c e l l  d e n s i t y  (grams 
d r y  w e i g h t l l i t e r )  0.82 1.66 
C a l c u l a t e d  v o l u m e t r i c  
p r o d u c t i o n  e f f  i c  iencyb 
A c t u a l  v o l u m e t r i c  p roduc t ion  
e f f i c i e n c y  ( r n a x i m ~ m ) ~  - - - - 
d ~ e l l u l o s i c  we igh t s  a r e  g i v e n  a s  grams i n i t i a l l y  charged i n  b a t c h  r u n s  
and as  grams per  . l i t e r  of f e e d  i n  t h e  con t inuous  r u n s .  
e P u r i f i e d  ground wood pulp .  
f Log phase growth r a t e  a t  maximum t h e o r e t i c a l  Volumetr ic  P r o d u c t i o n  
E f f i c i e n c y .  
TABLE 16 (Continued) 
FERMENTATION BATCH AND CONTINUOUS RUN DATA 
FOR 141 GALLON PILOT PLANT FERMENTER 
Run Number 
11 12 13 1 4 ~ ~  
Length of r u n  (hours)  4  8 
Weight of i n i t i a l  bagasse  
s u b s t r a t e  (grams d r y  weigh t )d  2650 
Weight of bagasse  recovered  
a f t e r  f e r m e n t a t i o n  (grams 
d r y  weigh t )  - - 
P e r c e n t  bagasse  s o l u b i l i z e d  - - 
Weight of c e l l s  a t  end of 
b a t c h  (grams d r y  weigh t )  410 
Log phase mass doubl ing  
t ime,  (tmd - h o u r s )  3 .0  
Log phase growth r a t e  
cons t a n t f  (hours ' l)  0.114 
Maximum c e l l  d e n s i t y  (grams 
d r y  w e i g h t / l i t e r )  0 .77 
C a l c u l a t e d  v o l u m e t r i c  
p r o d u c t i o n  e f f i c i e n c y  b  
A c t u a l  v o l u m e t r i c  p r o d u c t i o n  
e f f i c i e n c y  ( m a x i r n ~ m ) ~  - - 
g ~ y m b i o t i c  r u n  w i t h  f e c a e l i s  and cel lu lomonas  
TABLE 16 (Continued) 
FERMENTATION BATCH AND CONTINUOUS RUN DATA 
FOR 141 GALLON PILOT PLANT FERMENTER 
Run Number 
14ca 15 16 178 
Length of run  (hours) 28.5 3 2 69.5 
Weight of i n i t i a l  bagasse 
s u b s t r a t e  (grams dry  weight)d 5 .0  
Weight of bagasse recovered 
a f t e r  fe rmenta t ion  (grams 
d r y  weight) - - 
Percent  bagasse s o l u b i l i z e d  -- - - - - 
Weight of c e l l s  a t  end of 
ba tch  (grams dry  weight)  - - 465 3340 
Log phase mass doubl ing 
time, (tmd - hours)  - - 
. 
Log phase growth r a t e  
cons t an t f  (hours " I )  - - 
Maximum c e l l  d e n s i t y  (grams 
dry  w e i g h t l l i t e r )  0.52 
Calcu la ted  vo lumet r ic  
product ion ef  f i c  iencyb 
Actua l  volumetr ic  product ion 
e f f i c i e n c y  (maxi rn~m)~ 0.098 
When unwashed, a l k a l i - o x i d a t i o n  t r e a t e d  bagasse  was used a s  t h e  
s u b s t r a t e  i n  a  r u n ,  t h e  i n i t i a l  l e v e l  of  s o l u b l e  ca rbohydra te  was from 500 
t o  800 m g / l i t e r .  The l e v e l  depended on t h e  s e v e r i t y  of t h e  p r e - f e r m e n t a t i o n  
t r e a t m e n t  and on t h e  c o n c e n t r a t i o n  of bagasse  f e d .  When washed b a g a s s e  and 
wood pu lp  were used ,  t h e  s o l u b l e  c a r b o h y d r a t e  l e v e l  was from 1 0  t o  100 
Cellulomonas grew on a l l  t h r e e  s u b s t r a t e s ;  however, s u b s t r a t e  
u t i l i z a t i o n  mechanisms seemed t o  be q u i t e  d i f f e r e n t .  The s o l u b l e  
c a r b o h y d r a t e  c o n c e n t r a t i o n  o f  c u l t u r e s  w i t h  h i g h  i n i t i a l  v a l u e s  f e l l  q u i t e  
r a p i d l y  d u r i n g  l a g  and i n i t i a l  l o g a r i t h m i c  phases  (F igure  33) .  Both t h e  
c e l l  mass i n c r e a s e  and t h e  s o l u b l e  c a r b o h y d r a t e  d e c r e a s e  may be de te rmined  
q u a n t i t a t i v e l y  d u r i n g  t h i s  t ime.  When b o t h  t h e s e  v a l u e s  were c a l c u l a t e d  
o v e r  a  d i s c r e t e  t ime p e r i o d ,  a s  long  a s  i t  was i n  t h e  l o g a r i t h m i c  phase  of  
c e l l  growth, i t  was s e e n  t h a t  t h e  y i e l d  coef f i c i en t - -g rams  of  c e l l  mass 
i n c r e a s e  p e r  gram of  s o l u b l e  ca rbohydra te  decrease--was 0 . 5 ,  o r  50 p e r c e n t .  
T h i s  i s  t h e  a c c e p t e d  v a l u e  f o r  a e r o b i c  c e l l  growth on a  c a r b o h y d r a t e  
s u b s t r a t e .  T h i s  was i n t e r p r e t e d  t o  mean t h a t  i f  m e t a b o l i z a b l e  s o l u b l e  
c a r b o h y d r a t e  i s  p r e s e n t  i n  t h e  media i n  s i z a b l e  amounts, i t  w i l l  be  
metabo l i zed  a lmos t  e x c l u s i v e l y  t o  t h e  i n s o l u b l e  c e l l u l o s e .  T h i s  h a s ,  of 
c o u r s e ,  been w e l l  r ecogn ized  p r e v i o u s l y ;  and h a s  been a t t r i b u t e d  t o  
c e l l u l a s e  enzyme r e p r e s s i o n  o r  i n h i b i t i o n  by t h e  s o l u b l e  c a r b o h y d r a t e ,  
p a r t i c u l a r l y  c e l l o b i o s e .  
When t h e  s o l u b l e  ca rbohydra te  reached a  low l e v e l  i n  t h e s e  b a t c h e s ,  t h e  
growth r a t e  slowed c o n s i d e r a b l y .  
I n  b a t c h e s  where washed, t r e a t e d  b a g a s s e  was used,  t h e  i n i t i a l  
c o n c e n t r a t i o n  o f  s o l u b l e  ca rbohydra te  ranged from l e s s  than 10  t o  100 
m g l l i t e r .  The c e l l s  grew and exhib i ted  almost the  same k i n e t i c s  a s  when 
grown wi th  higher  so lub le  carbohydrate  concent ra t ions ,  and the  concen t r a t ion  
of so lub le  carbohydrate  d id  decrease somewhat. However, t he  so lub le  
carbohydrate no longer suppl ied a  s u f f i c i e n t  quan t i t y  of s u b s t r a t e  t o  
exp la in  c e l l  mass i nc rease .  Therefore,  t h e  in so lub le  c e l l u l o s e  was being 
degraded and metabolized t o  some e x t e n t  whenever i n i t i a l  so lub le  
carbohydrates  were low, and the  t r a n s f e r  of i n so lub le  c e l l u l o s e  t o  
s o l u b l e  carbohydrate  by enzyme a c t i o n  was apprec iab le .  
I n  batches w i t h  pure wood pulp as  the  s u b s t r a t e ,  t h e  i n i t i a l  
concent ra t ion  of so lub le  carbohydrate  was usua l ly  l e s s  than  50 m g l l i t e r .  
During the  run,  t h e  concen t r a t ion  increased u n t i l  t h e  end of the  log growth 
phase and then  decreased (Figure 3 6 ) .  It never ro se  above about 150 
m g l l i t e r .  I n  t hese  c u l t u r e s  a l l  of t he  so lub le  s u b s t r a t e  was being produced 
by enzymatic breakdown of c e l l u l o s e .  
4 
Y. W .  Han has found t h a t  t h e  s e v e r i t y  of t he  a lka l ine -ox ida t ion  
t reatment  of bagasse d i r e c t l y  e f f e c t s  t he  amount of carbohydrate  t h a t  i s  
s o l u b i l i z e d ;  bu t ,  a f t e r  a  c e r t a i n  po in t ,  does not  seem t o  inc rease  t h e  r a t e  
of l e v e l  of organism growth. 40 These d a t a  i n d i c a t e  t h a t  t h e  usefu lness  of 
t he  thermal ox ida t ion  s t e p  i s  minimal, and i t  i s  d i s t i n c t l y  harmful i f  an 
a c t i v e  c e l l u l a s e  enzyme system i s  des i r ed .  I n  o the r  words, i t  may be b e s t  
t o  minimize ox ida t ive  breakdown of c e l l u l o s e .  However, a  c e r t a i n  mild 
a l k a l i  swel l ing  t reatment  is necessary s i n c e  un t r ea t ed  bagasse i s  
metabolized a t  an extremely slow r a t e .  
The r a t e  of mechanical a g i t a t i o n  was shown t o  have a  d e f i n i t e  e f f e c t  
on t h e  l i m i t  and r a t e  of growth of the  organism (Figure 40) .  I n  a  batch 
run the  a g i t a t i o n  r a t e  was changed twice a f t e r  c e l l  growth s t a r t e d .  Each 
time the growth r a t e  increased a f t e r  an inc rease  i n  a g i t a t i o n  r a t e .  Af te r  a  
Time (hours) 
Figure 40. Effect of changing agitation in a botch fermentation. 
p e r i o d  of growth, t h e  c u l t u r e  would beg in  t o  e n t e r  t h e  s t a t i o n a r y  phase .  
Another i n c r e a s e  i n  a g i t a t i o n  would i n i t i a t e  a n o t h e r  c y c l e .  I t  i s  presumed 
t h a t  t h e  i n c r e a s e d  a g i t a t i o n  l ed  t o  h i g h e r  d i s s o l v e d  oxygen t r a n s f e r  
r a t e s ,  and r e l i e v e d  t h e  oxygen l i m i t a t i o n s  of t h e  c u l t u r e .  
The SCP produc t  and t h e  by-product und iges ted  c e l l u l o s e  were h a r v e s t e d  
from b o t h  b a t c h  and con t inuous  f low c u l t u r e s  by one of t h r e e  methods 
depending on t h e  t y p e  p roduc t  d e s i r e d .  
The c e l l u l o s e  w a s t e  t h a t  passed th rough  t h e  fe rmente r  w i t h o u t  be ing  
s o l u b i l i z e d  had t o  be c l e a r e d  from t h e  p roduc t  s t ream.  Th is  was done e i t h e r  
by d i r e c t  f i l t r a t i o n  of t h e  e f f l u e n t  s t r e a m  by a &O mesh s c r e e n  f i l t e r ,  o r  
by s e t t l i n g .  A l l  b u t  t h e  f i n e  p a r t i c l e s  of f i b e r  could  be removed f rom t h e  
s t r e a m  w i t h  t h e  f i l t e r .  An even c l e a n e r  s t ream,  however, cou ld  be o b t a i n e d  
C 
by b a t c h  o r  con t inuous  s e t t l i n g  of t h e  product  s t ream.  T h i s  was 
accomplished i n  a v a r i a b l e  volume, and t h u s ,  a  v a r i a b l e  r e s i d e n c e  t i m e  
m i x e r l s e t t l e r .  A r e s i d e n c e  t ime  of from two t o  s i x  hours  was provided i n  
t h i s  v e s s e l ,  and a c l e a r e d  over f low s t r e a m  was o b t a i n e d .  The und iges ted  
c e l l u l o s e  could  t h e n  be t a k e n  o f f  a s  an  underflow. 
The over f low s t r e a m  c o n t a i n i n g  t h e  c e l l s  was flowed e i t h e r  t o  t h e  
c e n t r i f u g e  o r  t o  t h e  f l o c u l a n t  a d d i t i o n  t a n k  and t h e  second m i x e r l s e t t l e r  
u n i t .  C e l l s  were  p r e c i p i t a t e d  i n  t h e  second m i x e r l s e t t l e r  and were removed 
a s  a n  underf low i n  a  heavy cream. Organisms spun o u t  of t h e  media by 
c e n t r i f u g a t i o n  were removed from t h e  c e n t r i f u g e  a s  a heavy s l u d g e .  
The c e l l  cream from t h e  second m i x e r / s e t t l e r  could  be  drum d r i e d  or  
f r e e z e - d r i e d  d i r e c t l y  from t h e  s e t t l e r .  The underf low s t r e a m  c o n t a i n e d  from 
f o u r  t o  f i v e  p e r c e n t  s o l i d s  by weigh t .  When t h i s  s t r e a m  was d r i e d  w i t h o u t  
TABLE 17 
PRODUCT ANALYS 1 ~ 4 1  
Sample 
Component ( p e r c e n t  on a  d r y  b a s i s )  
P r o t e i n  F a t  F i b e r  Ash L ign in  A.D.Fea 
U n t r e a t e d  bagasse  . 2.92 1 .87 40.6 4 .68 7.6 53.5  
T r e a t e d  bagasse  1.66 1 .59  39.2  23.4 3.07 46 .1  
F r e e z e - d r i e d ,  c e n t r i f u g e d  
c e l l s  57 .8  2.53 2.53 9 . 0  1.37 3 .7  
C e l l u l o s e  remaining a f t e r  
f e r m e n t a t i o n  7.7 2.67 68.0 2 .88 7 .6  74.0 
a A , ~ . ~ .  is  Acid D e t e r g e n t  F i b e r  
f u r t h e r  c e l l  c o n c e n t r a t i o n ,  however, a h i g h  l e v e l  of s a l t s  was o b t a i n e d  i n  
t h e  p roduc t .  The s a l t s  came from t h e  n u t r i e n t  i n o r g a n i c s  t h a t  passed 
., 
th rough  t h e  fe rmente r  unchanged, and t h o s e  t h a t  were genera ted  i n  t h e  
f e r m e n t e r .  S a l t  c o n c e n t r a t i o n s  i n  t h e  h a r v e s t e d  d r y  c e l l  p roduc t  have r u n  
a s  h i g h  a s  25 p e r c e n t .  
The c e l l  cream from t h e  p r e c i p i t a t i o n  s t e p  could  be  c e n t r i f u g e d  p r i o r  
t o  d r y i n g  t o  remove most of t h e  s a l t s .  C e n t r i f u g a t i o n  of t h e  p r e c i p i t a t e d  
cream was a  much e a s i e r  and more economical  s t e p  t h a n  was c e n t r i f u g a t i o n  of 
t h e  t o t a l  c e l l u l o s e - f r e e  media.  
The d r i e d  SCP product  c o n t a i n e d  from 50 t o  60 p e r c e n t  c rude  p r o t e i n  
( N  X 6 .25) ,  and was q u i t e  low i n  f i b e r  and l i g n i n  (Table  17) .  
The c e l l u l o s e  remaining und iges ted  or  i n s o l u b l e  a f t e r  t h e  f e r m e n t a t i o n  
con ta ined  a  much h i g h e r  r e l a t i v e  f i b e r  c o n t e n t  t h a n  t h e  unfermented bagasse .  
E t  i s  p robab le  t h a t  t h e  a l k a l i - o x i d a t i o n  t r e a t m e n t  and t h e  enzyme a c t i o n  i n  
t h e  fe rmente r  se rved  t o  degrade and s o l u b i l i z e  p r o t e i n ,  f a t ,  l i g n i n ,  and 
h e m i c e l l u l o s e s ,  Leaving a r e l a t i v e l y  l a r g e r  f r a c t i o n  of i n s o l u b l e  f i b e r  i n  
t h e  r e c o v e r a b l e  e f f l u e n t  s o l i d s .  Th i s  f i b e r  was e s s e n t i a l l y  de -p i thed  and 
c l e a n ,  and had a  h i g h e r  r e l a t i v e  c r y s t a l l i n i t y  than  t h e  unfermented samples .  
PRODUCT QUALITY AND BY-PRODUCT USAGE 
Cellulomonas gn. b a c t e r i a  were grown under c o n t r o l l e d  c o n d i t i o n s  i n  t h e  
l a b o r a t o r y  on a carboxymethyl c e l l u l o s e  s u b s t r a t e .  An a n a l y s i s  o f  t h e  
h a r v e s t e d  c e l l s  showed a p r o t e i n  c o n t e n t  of 46.2 p e r c e n t ,  and a 
non-prote inaceous  n i t r o g e n  l e v e l  o f  7 . 7  p e r c e n t  on a d ry  weight  b a s i s  4 2 
(Table  1 8 ) .  
The e s s e n t i a l  amino a c i d  c o n t e n t  of t h e  c e l l  p r o t e i n  of t h e  organism 
w a s  determined and t h e  v a l u e s  o b t a i n e d  were compared w i t h  t h e  F.A.O. 
r e f e r e n c e  p r o t e i n  v a l u e s  and w i t h  t h o s e  of p r o t e i n s  from o t h e r  p l a n t  and 
animal  s o u r c e s  (Table 1 9 ) .  Also i n c l u d e d  a r e  t h e  a n a l y s e s  of s i n g l e  c e l l  
p r o t e i n s  from pe t rochemica l s .  The e s s e n t i a l  amino a c i d  p a t t e r n  o f  t h e  
4 
cel lu lomonas  compares f a v o r a b l y  w i t h  t h a t  o f  F.A.O. r e f e r e n c e  p r o t e i n .  The 
l y s i n e  c o n t e n t ,  which i s  d e f i c i e n t  i n  a number o f  foods ,  p a r t i c u l a r l y  c e r e a l  
g r a i n s ,  was h i g h e r  t h a n  t h e  r e f e r e n c e  p r o t e i n .  The c o n t e n t  of o t h e r  
e s s e n t i a l  amino a c i d s ,  such a s  l e u c i n e  and v a l i n e ,  were ex t remely  h i g h  when 
compared t o  t h e  p r o t e i n s  o f  o t h e r  s o u r c e s  and t h e  F.A.O. r e f e r e n c e  p r o t e i n .  
The meth ion ine  c o n t e n t  was comparable t o  t h a t  o f  wheat f l o u r  o r  s i n g l e  c e l l  
p r o t e i n  produced from hydrocarbon. 
Feeding s t u d i e s  were conducted on male weanl ing r a t s  of t h e  
Sprague-Dawley It was found t h e  cel lu lomonas  c e l l s  were s u p e r i o r  
t o  pseudomonas c e l l s  produced on hydrocarbons ,  b u t  were i n f e r i o r  t o  c a s e i n .  
The r a t s  h e l d  t h e i r  weight on a d i e t  w i t h  20 p e r c e n t  p r o t e i n  s u p p l i e d  by 
cel lu lomonas  and showed g a i n s  on a d i e t  c o n t a i n i n g  40 p e r c e n t  ce l lu lomonas  
p r o t e i n .  The c e l l s  were n o t  t o x i c  even when f e d  a t  t h e  80 p e r c e n t  l e v e l  
TABLE 18 
GROWTH YIELDS OF CELLULOMONAS ON CARBOXYMETHYL CELLULOSE 
Yie lds  
(mglmg) i n  100 m l .  (%) 
C e l l  ~ ~ S S ~ / C H ~ O  consumed b  
~ r o t e i n ~ / C e l l  mass 
~ o n ~ r o t e i n - ~ ~ / C e l l  mass 
p r o t e i n / C ~ ~ O  consumed 
a ~ e l l s  grown two days on a  b a s a l  medium c o n t a i n i n g  0.1% of 
CM-cellulose were h a r v e s t e d  by c e n t r i f u g a t i o n .  c e l l  c rops  were  d r i e d  a t  
110 C t o  o b t a i n  a  c o n s t a n t  w e i g h t .  
b ~ i f f e r e n c e  of CH 0  c o n c e n t r a t i o n s  i n  i n i t i a l  and f i n a l  medium. 
h 2 
CH 0  c o n c e n t r a t i o n s  were measured by phenol s u l f u r i c  a c i d  method. 2 
'By micro-Kje l d a h l  method a f  t e r  e x t r a c t i n g  nuc l e i c  a c i d s  w i t h  f i v e  
p e r c e n t  TCA a t  90 C f o r  30 minu tes .  
d ~ i f f e r e n c e  of N c o n t e n t  i n  whole c e l l s  and h o t  TCA t r e a t e d  c e l l s .  
TABLE 1 9  
ESSENTIAL AMINO ACID CONTENT OF THE CELL  PROTEIN^^ 
(GRAMS OF AMINO A C I D  PER 100 G PROTEIN) 
b  
m e a t C  C ~ e l l u l o r n o n a s ~  F.A.O. B.  P. 
Amino Acid C e l l  P r o t e i n  Reference P r o t e i n  F lour  ~ e e f '  P r o t e i n  
Arg in ine  9 . 2 1  - - 4.2 7.7 5 . 1  
H i s  t i d i n e  2.30 2.2 3 .3  5 . 1  
I s o l e u c i n e  4.74 4.2 4.2 6.0 4.6 
Leucine 11.20 4.8 7.0 8.0 3 .1  
Lys i n e  6.84 4 .2  1.9 10.0  6 .0  
Ile t h i o n i n e  1 .86 2.2 1 .5  3.2 1.1 
Pheny l a  l a n i n e  . 4.36 2.8 5.5 5 .0  8 . 1  
Tyros ine  2.67 2.8 - - - - - - 
. Threonine 5 .37 2.8 2.7 5 .0  11.0  
Val i n e  10 .71  4.2 4 .1  5 .5  7.0 
a The sample was hydrolyzed w i t h  6  N H C 1  a t  100 C f o r  22 hours  and 
ana lyzed  w i t h  a  Beckman model 116 amino a c i d  a n a l y z e r ,  i n  t h e  l a b o r a t o r i e s  
o f  D r .  S. P. Yang, School o f  Home Economics, Lou is iana  S t a t e  U n i v e r s i t y .  
N a t i o n a l  Academy of Sc ience  - N a t i o n a l  Research Council .  
Iyengar ,  M.S., 1967. P r o t e i n  from petroleum.  Paper  p r e s e n t e d  a t  
s i n g l e  c e l l  p r o t e i n  conference a t  MIT, Cambridge, Massachuse t t s .  
B.P. p r o t e i n  d e s i g n a t e s  t h e  s i n g l e  c e l l  p r o t e i n  o b t a i n e d  from 
hydrocarbons by B r i t i s h  Petroleum Company. 
(40 p e r c e n t  c rude  p r o t e i n ) .  The a d d i t i o n  o f  L-methionine improved t h e  
q u a l i t y  of t h e  p r o t e i n  c o n s i d e r a b l y .  Thus, i t  was b e l i e v e d  t h a t  meth ion ine  
i s  t h e  f i r s t  l i m i t i n g  amino a c i d  of ce l lu lomonas  p r o t e i n .  High f e c a l  
n i t r o g e n  c o n t e n t  of t h e  r a t s  f e d  i n t a c t  ce l lu lomonas  c e l l s  i n d i c a t e d  t h e  
r e s i s t a n c e  of t h e  c e l l  w a l l  of ce l lu lomonas  t o  d i g e s t i o n .  I t  was f e l t  t h a t  
c e l l  homogenization o r  l y s i s  p r i o r  t o  f e e d i n g  would improve t h e  e f f i c i e n c y  
o f  p r o t e i n  u t i l i z a t i o n .  
The SCP p roduc t  when d r i e d  and ground i s  a  f ree - f lowing  powder w i t h  a 
d a r k  brown-to-yellow c o l o r  depending on amount of l i g n i n  i n c l u s i o n  ( F i g u r e  
41) .  At low m o i s t u r e  l e v e l s  t h e  s t o r a g e  p r o p e r t i e s  and s h e l f  l i f e  a r e  v e r y  
good. The p roduc t  i s  e a s y  t o  s t o r e ,  h a n d l e ,  and s h i p ;  and can be  e a s i l y  
mixed w i t h  food o r  feed  m a t e r i a l s  f o r  n u t r i t i o n a l  u s e s .  
Two by-product s t r e a m s  a r e  c u r r e n t l y  produced by t h e  p i l o t  p l a n t .  The 
s l u r r y  underflow from t h e  f i r s t  m i x e r l s e t t l e r ,  o r  t h e  f i l t e r  cake b o t h  
. 
c o n t a i n  t h e  i n s o l u b l e  f i b e r  f r a c t i o n .  I n  a d d i t i o n  t o  t h e  unused f i b e r ,  t h i s  
s o l i d  s t r e a m  a l s o  c o n t a i n s  l i g n i n ,  a s h ,  s a l t s ,  and some absorbed enzymes and 
organisms.  
Th is  unused f i b e r  could  be  re -cyc led  t o  t h e  c e l l u l o s e  t r e a t m e n t  s e c t i o n  
f o r  a d d i t i o n a l  t r e a t m e n t  and more complete u t i l i z a t i o n ,  o r  i t  cou ld  b e  
recovered  and used i n  paper  s t o c k  o r  t h e  manufacture  of chemicals .  
The l i q u i d  s t r e a m  t h a t  e x i t s  e i t h e r  t h e  second m i x e r l s e t t l e r  o r  t h e  
c e n t r i f u g e  may e i t h e r  by re -cyc led  t o  t h e  f e e d  r e - s l u r r y  t a n k  t o  r e p l a c e  
make-up w a t e r ,  o r  i t  may be  used a s  a  n u t r i e n t  s o l u t i o n  f o r  hydroponic  
gardening.  A p l a n t  growth test h a s  been made u s i n g  t h i s  s t r e a m  a s  a  p l a n t  
n u t r i e n t  s o u r c e ,  and i t  was found t o  be q u i t e  s a t i s f a c t o r y .  44 
Due t o  t h e  r e l a t i v e l y  l a r g e  volume of w a t e r  used i n  t h e  p r o c e s s ,  i t  i s  
a p p a r e n t  t h a t  most of t h e  e f f l u e n t  l i q u i d  shou ld  be re-cycled.  I n  a d d i t i o n  

t o  decreas ing  water volume usage, t h i s  procedure would permit more e f f i c i e n t  
u t i l i z a t i o n  of t he  inorganic  s a l t  n u t r i e n t s .  
PROCESS ECONOMICS 
The importance o r  u t i l i t y  of any p r o c e s s  depends upon i t s  economics. 
It must be  p r o f i t a b l e  t o  be  commercially developed and i n d u s t r i a l l y  
widespread.  The f u t u r e  o f  SCP a s  a  p r o t e i n  s o u r c e  f o r  food o r  feed  i s  
invo lved  i n  n o t  on ly  c u r r e n t  supp ly  and demand, b u t  a l s o  w i t h  t h e  g r e a t  
p r o t e i n  needs o f  t h e  f u t u r e .  
Many f a c t o r s  e n t e r  i n t o  t h e  economics of m i c r o b i a l  p r o t e i n  p roduc t ion .  
Some a r e  t y p i c a l  chemical  e n g i n e e r i n g  economics which a r e  f a m i l i a r  w h i l e  
o t h e r s  a r e  n o t  s o  f a m i l i a r  and r e q u i r e  s p e c i a l  c o n s i d e r a t i o n .  S e v e r a l  
f a c t o r s  can be  d e f i n e d  which a r e  p robab ly  t h e  most impor tan t  t o  t h e  
economics o f  m i c r o b i a l  p r o t e i n  p r o d u c t i o n  (Table  20) .  
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F a c t o r s  such  a s  d r y i n g  c o s t s ,  bagging and h a n d l i n g  c o s t s ,  e t c . ,  are 
o m i t t e d  s i n c e  t h e s e  a r e  g e n e r a l l y  q u i t e  t y p i c a l  and f a m i l i a r  t o  a l l  chemical  
e n g i n e e r s .  C e r t a i n l y  they  w i l l  need t o  be  i n c l u d e d  i n  t h e  f i n a l  a n a l y s i s ;  
b u t  they  must be  about  t h e  same r e g a r d l e s s  o f  t h e  type  o f  p roduc t .  
Fur thermore,  t h i s  d i s c u s s i o n  w i l l  be l i m i t e d  t o  t h o s e  i t e m s  l i s t e d .  
Many companies b o t h  i n  t h e  Uni ted S t a t e s  and abroad a r e  c u r r e n t l y  
producing m i c r o b i a l  p r o t e i n s  from hydrocarbons  e i t h e r  i n  p i l o t  p l a n t s  o r  on 
a l a r g e  s c a l e .  A good example i s  B r i t i s h  petroleumLi5 w i t h  t h e i r  p i l o t  p l a n t  
i n  Sco t land ,  t h e i r  one-ton-a-day p l a n t  i n  I n d i a ,  o r  t h e i r  new 30 m i l l i o n  t o n  
p e r  y e a r  p l a n t  i n  France.  The I n s t i t u t  F r a n c a i s  des  P e t r o l e s  i s  a l r e a d y  
o p e r a t i n g  a one-ton-per-day p l a n t ,  w h i l e  Esso N e s t l e ' s ,  Chinese Petroleum 
Corpora t ion ,  and o t h e r s  a r e  o p e r a t i n g  p i l o t  u n i t s  w i t h  obvious  i n t e n t i o n s  
o f  l a r g e  p l a n t s  i n  t h e  f u t u r e .  S ince  s o  much i s  known about  t h e  p r o c e s s e s  
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TABLE 20 
1. Raw m a t e r i a l  
a .  e a s e  o f  c o l l e c t i o n  t o  a c e n t r a l  a r e a  
b.  a v a i l a b i l i t y  t o  a g i v e n  s i t e  
c.  b u l k  h a n d l i n g  p r o p e r t i e s  
d. s e a s o n a l  f l u c t u a t i o n s  i n  a v a i l a b i l i t y  
2 .  S t e r i l i t y  requirements  
a .  m i c r o b i a l  encroachment 
3.  Fermentat ion 
r e s i d e n c e  t ime  i n  r e a c t o r  (doubl ing t ime)  
c e l l  c o n c e n t r a t i o n s  a t t a i n a b l e  
o p e r a t i n g  t empera tu re  ( c o o l i n g  w a t e r  v e r s u s  r e f r i g e r a t i o n )  
t o t a l  oxygen requ i rements  
power requirements  f o r  mass t r a n s f e r  
h e a t s  of r e a c t i o n  
c e l l  y i e l d s  p e r  pound of  s u b s t r a t e  consumed 
foaming tendency 
4. C e l l  h a r v e s t i n g  t echn iques  
a .  h i g h  speed c e n t r i f u g e s  v e r s u s  t h i c k e n e r s  
5. Washing and p u r i f i c a t i o n  t e c h n i q u e s  f o r  removal o f :  
a .  s u b s t r a t e  r e s i d u e s  
b .  raw m a t e r i a l  i m p u r i t i e s  
c.  n u c l e i c  a c i d s  
d.  m e t a b o l i c  by-products 
6 .  P roduc t  v a l u e  
a .  p e r c e n t a g e  p r o t e i n  
b ,  l i m i t i n g  amino a c i d  
c .  d i g e s t i b i l i t y  
f o r  producing p r o t e i n s  from hydrocarbons ,  t h e  LSU process  w i l l  be compared 
as n e a r l y  a s  p o s s i b l e  w i t h  t h e i r s  i n  t h o s e  a s p e c t s  which a r e  cons idered  most 
i m p o r t a n t .  
Raw M a t e r i a l  
The c o s t  of t h e  ca rbon  s u b s t r a t e  used f o r  SCP produc t ion  v a r i e s  n o t  
o n l y  w i t h  t h e  s u b s t r a t e  s e l e c t e d  b u t  a l s o  w i t h  g e o g r a p h i c a l  l o c a t i o n s  and 
t h e  r e q u i r e d  p u r i t y  of t h e  s t a r t i n g  m a t e r i a l .  For example, t h e  c o s t  of 
hydrocarbon s u b s t r a t e  i s  doubled i n  going from gas o i l  a t  one c e n t  per pound 
t o  p u r i f i e d  n - p a r a f f i n s  a t  two c e n t s  per  pound. It should be po in ted  o u t  
t h a t  t h e  a d d i t i o n a l  product  p u r i f i c a t i o n  c o s t s  of t h e  p r o t e i n s  produced on 
gas o i l  may more t h a n  o f f s e t  t h i s  i n i t i a l  one c e n t  per  pound d i f f e r e n c e  i n  
s t a r t i n g  m a t e r i a l s .  As f o r  g e o g r a p h i c a l  l o c a t i o n ,  methane i n  t h e  Gulf Coast  
a r e a  i s  about  0.25 c e n t s  per pound w h i l e  t h e  same m a t e r i a l  on t h e  E a s t e r n  
. 
seaboard would be about  twice  t h a t .  
The u s e  of was te  c e l l u l o s e  a s  a  carbon s u b s t r a t e  f o r  m i c r o b i a l  p r o t e i n  
p roduc t ion  does not  p r e s e n t  t h e  same problems of p u r i t y  and g e o g r a p h i c a l  
l o c a t i o n  a s  t h o s e  p resen ted  by hydrocarbon s u b s t r a t e s .  The p r o d u c t i o n  of 
SCP from h i g h  p u r i t y  c e l l u l o s e  i s  a c t u a l l y  a d e t e r r a n t  t o  m i c r o b i a l  growth.  
Th is  same g e n e r a l  c o n c l u s i o n  was reached by D r .  N. J. King working w i t h  
brown r o t  f u n g i  grown on a l k a l i - t r e a t e d  wood.46 It should be p o i n t e d  o u t ,  
however, t h a t  t h e  w a s t e  c e l l u l o s e  r e q u i r e s  a n  a l k a l i  p r e t r e a t m e n t  f o r  
c e l l u l o s e  s w e l l i n g  and d i s r u p t i o n  of t h e  l i g n i n  s h e a t h i n g  t h a t  p r o t e c t s  t h e  
c e l l u l o s e  f i b r i l s .  
The g e o g r a p h i c a l  l o c a t i o n  of t h e  p l a n t  would appear  t o  have l i t t l e  
b e a r i n g  on t h e  c o s t  of t h e  c e l l u l o s e  s u b s t r a t e  s i n c e  was te  c e l l u l o s e  seems 
t o  be r e a d i l y  a v a i l a b l e  everywhere.  I n  r u r a l  a r e a s  t h e  c e l l u l o s e  i s  
a v a i l a b l e  a s  corn  cobs ,  r i c e  h u l l s ,  wheat s t r a w ,  sawdust ,  b a g a s s e ,  e t c .  I n  
urban a r e a s  t h e i r  s o l i d  was tes  c o n t a i n  l a r g e  p o r t i o n s  o f  e x c e l s i o r ,  books,  
newspapers,  r a g s ,  towels ,  wood, e t c .  Not on ly  a r e  t h e s e  was tes  a v a i l a b l e ,  
b u t  a  c r e d i t  r a t h e r  t h a n  a  d e b i t  may be  g i v e n  t o  t h e  c e l l u l o s e  consumer f o r  
g e t t i n g  r i d  o f  unwanted s o l i d  was tes .  One o f  t h e  advantages  o f  u s i n g  
b a g a s s e  a s  t h e  s o u r c e  o f  c e l l u l o s e  i s  t h a t  i t  is  c o l l e c t e d  a t  one c e n t r a l  
p o i n t ,  t h e  s u g a r  m i l l ,  and can be o b t a i n e d  f o r  i t s  f u e l  replacement  v a l u e .  
Bagasse c o s t s  have been c a l c u l a t e d  p r e v i o u s l y ,  and t h e  raw m a t e r i a l  
c o s t  p e r  pound of fe rmentab le  ca rbohydra te  h a s  been e s t a b l i s h e d  a t  1 . 5  
c e n t s . 4 7  The c o s t  p e r  t o n  o f  a i r - d r y  b a l e d  bagasse  i s  about  U.S. $18.90. 
T h i s  m a t e r i a l  c o n t a i n s  about 1 0  p e r c e n t  m o i s t u r e .  These a r e  c o n s e r v a t i v e  
c o s t s ;  t h e y  would p robab ly  be lower.  
S t e r i l i t y  
Microb ia l  encroachment i s  a  tremendous problem f o r  most SCP p roducers  
r e q u i r i n g  very  s t r i n g e n t  a s e p t i c  c o n d i t i o n s  o f  o p e r a t i o n .  The r e a s o n  t o  
worry  about encroachment i s  q u i t e  obv ious .  Many microorganisms are 
pa thogen ic  o r  p a r a s i t i c  and nobody wants  t o  eat them dead o r  a l i v e .  
Fur thermore,  even i f  t h e  encroach ing  organism happens t o  be  n o n t o x i c ,  
chemosynthetic-bacteria, i t  probab ly  w i l l  n o t  have been approved f o r  human 
food by FDA. S e r i o u s  problems cou ld  t h e n  r e s u l t  f o r  a  producer  who a l lowed 
o t h e r  organisms t o  g e t  i n t o  t h e  f e r m e n t e r  and f l o u r i s h .  The c o s t  o f  
equipment c a p a b l e  o f  p r e s s u r e  s t e r i l i z a t i o n  and r a p i d  c o o l i n g  is o b v i o u s l y  
h i g h e r  t h a n  a tmospher ic  equipment;  t h e r e f o r e ,  a l a r g e  i n c r e a s e  i n  c a p i t a l  i s  
n e c e s s a r y .  One way t h e s e  c o s t s  can be  avoided i s  t o  f l o o d  t h e  f e r m e n t a t i o n  
t a n k  w i t h  inoculum and have such a  r a p i d  growth of t h e  d e s i r e d  organisms 
t h a t  encroaching organisms cannot  compete i n  t h e i r  r a c e  f o r  s u r v i v a l .  
The p r o b a b i l i t y  o f  s u r v i v a l  o f  a  g iven t r e s p a s s i n g  microorganism would 
depend on whether o r  n o t  i t  could  s u b s i s t  on t h e  carbon s u b s t r a t e  i n  t h e  
media and on i t s  r a t e  of growth. S i n c e  t h e  p roduc t ion  of p r o t e i n s  from 
c e l l u l o s i c s  r e q u i r e  t h a t  an i n t e r m e d i a t e  d i s s a c h a r i d e  and o t h e r  s u g a r s  be 
a v a i l a b l e  i n  t h e  menstruum a t  a l l  t imes ,  t h i s  would mean t h a t  any organism 
t h a t  can grow on s u g a r  would grow i n  t h e  c e l l u l a s e  media a s  w e l l .  Th i s  
covers  a  ve ry  l a r g e  p o r t i o n  of a l l  microorganisms. On t h e  o t h e r  hand,  n o t  
many organisms could  l i v e  on t h e  i n t e r m e d i a t e  p r o d u c t s  of t h e  hydrocarbon 
o x i d a t i o n  excep t  perhaps  t h e  l a s t  few i n t e r m e d i a t e s  j u s t  b e f o r e  e n t r y  i n  t h e  
Kreb 's  c y c l e .  I n  any c a s e ,  most SCP p roducers  must add n o t  o n l v  e x t r a  c o s t s  
f o r  p r e s s u r e  s t e r i l i z a t i o n ,  b u t  must a l s o  s t r i v e  t o  m a i n t a i n  a s e p t i c  
c o n d i t i o n s  i n  t h e  f e r m e n t a t i o n  work a r e a  i n c l u d i n g  such  t h i n g s  as s p e c i a l  
a i r  f i l t e r s ,  s p e c i a l  w a l l  c o a t i n g s ,  s e l f - s e a l i n g  d o o r s ,  dust -proof  rooms, 
e t c .  
Fe rmenta t ion  
I n  t h e  p r o d u c t i o n  o f  p r o t e i n s  from e i t h e r  pe t ro leum o r  c e l l u l o s e ,  a  
f o u r  phase  sys tem w i l l  be  encounte red  i n s i d e  t h e  fe rmente r .  For  c e l l u l o s e  
f e e d ,  t h e  f o u r  phases  w i l l  be two s o l i d  phases - -ce l lu lose  and growing 
organisms--a l i q u i d  o r  aqueous phase ,  and an a i r  o r  gas  phase .  For t h e  
pe t ro leum system t h e  f o u r  phases  w i l l  be:  t h e  suspended s o l i d  organism,  
two l i q u i d  phases--aqueous and l i q u i d  hydrocarbon--and an  a i r  o r  g a s  phase .  
The u s e  of methane a s  a  s u b s t r a t e  l i m i t s  t h e  sys tem t o  t h r e e  phases  s i n c e  
t h e r e  can be  on ly  one gas  phase .  
Growing microorganisms p r e s e n t  tremendously complex mass t r a n s f e r  
problems.48 The organism r e q u i r e s  t r a n s p o r t  of s u b s t r a t e ,  e s s e n t i a l  
n u t r i e n t s  such a s  n i t r o g e n ,  phospha te ,  potass ium,  t r a c e  m i n e r a l s ,  oxygen, 
and o c c a s i o n a l l y  c e r t a i n  r e q u i r e d  v i t a m i n s .  A good example o f  t h i s  l a t t e r  
requirement  i s  cel lu lomonas  which needs v i t amins  B - 1  f o r  good growth. It 
can o b t a i n  t h i s  d i r e c t l y  from th iamine  added t o  t h e  menstruum o r  from y e a s t  
e x t r a c t .  Because o f  t h e  complexi ty  o f  t h e  mass t r a n s f e r  o p e r a t i o n ,  one must 
s e l e c t  one of t h e s e  f a c t o r s  a s  b e i n g  l i m i t i n g  and b a s e  any c o n c l u s i o n s  on 
t h a t  cho ice ;  A l l  o f  t h e  i n g r e d i e n t s  e s s e n t i a l  t o  growth i n  t h e  c e l l u l o s e  
sys tem a r e  p r e s e n t  i n  t h e  aqueous phase  of t h e  menstruum e x c e p t ,  o f  c o u r s e ,  
t h e  oxygen. T h e r e f o r e ,  s i n c e  oxygen must c r o s s  g a s - l i q u i d  i n t e r f a c e s ,  i t  
shou ld  be  t h e  component l i m i t i n g  c e l l  growth. 
I n  t h e  petroleum-based system,  t h e  d i f f u s i n g  oxygen must t r a v e r s e  
e i t h e r  two s e p a r a t e  i n t e r f a c e s  r e p r e s e n t e d  by t h e  hydrocarbon and aqueous 
phase o r ,  i f  t h e  hydrocarbon i s  p r e s e n t  a s  d r o p l e t s ,  t h e n  d i f f u s i o n  o f  i t  
i n t o  t h e  w a t e r  phase  w i l l  be  n e c e s s a r y .  S ince  mass t r a n s p o r t  is u s u a l l y  
l i m i t e d  by i n t e r f a c i a l  c o n t a c t  between phases ,  i t  might b e  assumed t h a t  t h e  
more l i q u i d  phases  t h e  more d i f f i c u l t  t h e  mass t r a n f e r ;  and consequen t ly ,  
hydrocarbon systems would p r e s e n t  a  much more d i f f i c u l t  problem of  oxygen 
d i f f u s i o n  t h a n  c a r b o h y d r a t e  sys tems.  The n e t  r e s u l t  of  such a  conc lus ion  
would be  t h a t  more power i n p u t  would be  necessa ry  i n  hydrocarbon systems t o  
g e t  a  u n i t  amount o f  oxygen t r a n s f e r r e d  t h a n  would be  r e q u i r e d  i n  c e l l u l o s e  
sys tems.  The t r a n s f e r  e f f i c i e n c y  o f  hydrocarbons  t o  c e l l  mass i s  u s u a l l y  
c l o s e  t o  100 p e r c e n t .  Carbohydrate  t o  c e l l  m a s s  t r a n s f e r  e f f i c i e n c y ,  
however, i s  about  50 p e r c e n t .  It can b e  s e e n  t h a t  t h e  use  o f  a  
heterogeneous  a g r i c u l t u r a l  w a s t e  l e d  t o  a  t r a n s f e r  e f f i c i e n c y  of abou t  26 
p e r c e n t  i n  t h e  p i l o t  u n i t  (F igure  4 2 ) .  
The power requ i rements  f o r  mass t r a n s p o r t  i n  a  fe rmente r  a r e  d i r e c t l y  
p r o p o r t i o n a l  t o  t h e  d i f f i c u l t y  o f  mass t r a n s f e r  and t h e  t o t a l  amount of 
100 Bb. U n t r e a t e d ,  raw bagasse  on 
a  d ry  b a s i s  
TREATMENT 
30% of  t h e  t r e a t e d  bagasse  Assume t h a t  75% of  t h e  
is  composed of 17.4 1b. fe rmentab le  f r a c t i o n  of 
non-fermentable l i g n i n ,  bagasse  i s  metabo l ized  
a s h ,  r e s i n s ,  e t c .  52 Ib. 
Carbon d i o x i d e  and w a t e r  
produced by o x i d a t i o n  26 Ib. 2 6 I b .  C e l l  mass 
r e a c t i o n s  
Non-Protein C e l l  13 Ib. 
cons t i  t u e n t s  a 
13Ib .  P r o t e i n  
Figure 42. Material balance - bagasse to protein. 
oxygen r e q u i r e d  p e r  u n i t  of c e l l s .  I t  was j u s t  p o i n t e d  o u t  t h a t  because  of 
t h e  requirements  o f  t r a n s p o r t  i n  t h e  petroleum-based system,  i t  w i l l  r e q u i r e  
more power i n p u t  t o  t h e  fe rmente r  t h a n  would be n e c e s s a r y  i n  t h e  
carbohydrate-based system. Fur thermore,  t h e  t o t a l  amount of oxygen r e q u i r e d  
f o r  m i c r o b i a l  a s s i m u l a t i o n  of t h e  hydrocarbon s u b s t r a t e  i s  l a r g e r  by a  
f a c t o r  o f  ve,ry n e a r l y  t h r e e  f o r  t h e s e  sys tems t h a n  f o r  ca rbohydra te  
u t i l i z a t i o n .  These two f a c t o r s  combined t h e n  would i n d i c a t e  a  n e c e s s i t y  f o r  
much l a r g e r  power i n p u t s  t o  t h e  f e r m e n t e r s  f o r  t h e  hydrocarbon systems.  
Power p u t  i n t o  t h e  fe rmente r  can t a k e  e i t h e r  o f  two forms. Work can be  
expended t o  compress a i r  t o  a h i g h  p r e s s u r e  and t h i s  p r e s s u r e  dropped a c r o s s  
t h e  s p a r g e r  o r i f i c e s ,  o r  t h e  power can b e  p u t  i n t o  t h e  t u r b i n e  b l a d e s .  A 
g r e a t  many f e r m e n t e r s  use  b o t h  t y p e s  o f  power i n p u t  w h i l e  c e r t a i n  d r a f t  t u b e  
t y p e s  use on ly  a i r .  The o b j e c t i v e  i n  any c a s e  i s  t o  d e c r e a s e  t h e  s i z e  of 
t h e  a i r  bubbles  and improve t h e  oxygen t r a n s f e r  r a t e s  because  of i n c r e a s e d  
s u r f a c e  a r e a .  It is  d i f f i c u l t  t o  unders tand  how t h e r e  cou ld  be  more t h a n  
one t h e o r e t i c a l  t r a n s f e r  u n i t  i n  most s h o r t  f a t  f e r m e n t e r s  us ing  e i t h e r  j u s t  
a s p a r g e r  o r  a  s p a r g e r  and t u r b i n e  because  t h e  o p e r a t i o n  i s  n o t  
coun te r -cur ren t  and a  c o n c e n t r a t i o n  g r a d i e n t  cannot  b e  e s t a b l i s h e d  i n  t h e  
l i q u i d .  It may b e  t h a t  a  wel l -des igned s p a r g e r  i s  s u f f i c i e n t  and t h e  on ly  
purpose  of a  t u r b i n e  would be  t o  a s s u r e  u n i f o r m i t y  o f  t h e  l i q u i d  phase .  
S i n c e  oxygen t r a n s f e r  i s  p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  i n  i t s  p a r t i a l  
p r e s s u r e  i n  t h e  two phases ,  and s i n c e  doubl ing  t h e  t o t a l  p r e s s u r e  w i l l  
double  t h i s  d r i v i n g  f o r c e ,  i t  seems h i g h l y  p r o b a b l e  t h a t  i n c r e a s i n g  t h e  
o p e r a t i n g  p r e s s u r e  w i l l  have more e f f e c t  on oxygen t r a n s p o r t  t h a n  i n c r e a s i n g  
t h e  power t o  t h e  t u r b i n e s ,  A f t e r  a l l ,  most f e r m e n t e r s  a r e  des igned f o r  
p r e s s u r e  o p e r a t i o n  because  of t h e  s t e r i l i z a t i o n  requ i rement .  
Heat T r a n s f e r  
Whether t h e  power i s  pu t  i n  through t h e  s p a r g e r s  o r  through t h e  t u r b i n e  
b l a d e s  a t  low t o t a l  power consumption probably  makes l i t t l e  d i f f e r e n c e  i n  
terms of o v e r a l l  mass t r a n s f e r .  It does make c o n s i d e r a b l e  d i f f e r e n c e ,  
however, i n  terms o f  o v e r a l l  h e a t  t r a n s f e r  because  a l l  power pu t  i n  v i a  t h e  
t u r b i n e s  must be removed through t h e  h e a t  exchange c o i l s  o r  j a c k e t  o f  t h e  
fe rmente r .  A i r ,  however, e n t e r i n g  through t h e  s p a r g e r s  c o o l s  on expansion 
from t h e  o r i f i c e s ;  and i f  a i r  a t  90 F and 100 p s i g  e n t e r e d  t h e  fe rmente r  and 
expanded t o  f i v e  p s i g ,  i t s  e n t h a l p y  would i n c r e a s e  t o  m a i n t a i n  t h e  a i r  
t empera tu re  c o n s t a n t .  Fur thermore,  s i n c e  t h e  a i r  w i l l  p robab ly  e n t e r  a.nd 
l e a v e  t h e  fe rmente r  s a t u r a t e d  w i t h  w a t e r ,  t h i s  would mean 208 B.T.U.'s o f  
c o o l i n g  p e r  pound of a i r  i n t r o d u c e d .  To accomplish  mass t r a n s f e r  by power 
i n p u t  t o  t h e  t u r b i n e s ,  about 2,545 B,T.U.'s a r e  added t o  t h e  c o o l i n g  l o a d  
- p e r  horsepower-hour of o p e r a t i o n .  
Fermentat ions  a r e  exothermic  p r o c e s s e s  and t h e  amount o f  h e a t  g e n e r a t e d  
depends on t h e  amount o f  oxygen consumed. Wang h a s  c a l c u l a t e d  t h a t  t h i s  
would be about 5 ,840 B.T.U. p e r  pound o f  c e l l s  produced on c a r b o h y d r a t e ,  
abou t  14,000 B.T.U. f o r  n - p a r a f f i n  f e e d ,  and 33,500 B.T.U. f o r  methane 
f e e d .  45 
A i r  compressors and r e f r i g e r a t i o n  u n i t s  a r e  q u i t e  i n e f f i c i e n t ,  u s u a l l y  
runn ing  l e s s  than 75 p e r c e n t  of r e v e r s a b l e ,  I n  comparison,  power convers ion  
o f  t h e  t u r b i n e  motors i s  c o n s i d e r a b l y  b e t t e r .  The c o n c l u s i o n  t o  b e  reached  
from t h i s  d i s c u s s i o n  i s  t h a t  t h e  p r o p e r  p l a c e  f o r  power i n p u t  w i l l  depend on 
t h e  o p e r a t i n g  t empera tu re  o f  t h e  fe rmente r  and t h e  c o o l i n g  w a t e r  t empera tu re  
a v a i l a b l e  i n  a  g iven a r e a .  
The f e r m e n t a t i o n  t empera tu re  f o r  y e a t s  growing on n - p a r a f f i n s  i s  
u s u a l l y  about 86 F, w h i l e  b a c t e r i a  growing on t h e  same s u b s t r a t e  may be a b l e  
t o  s t a n d  a  few degrees  h i g h e r  t empera tu re ;  however, i n  e i t h e r  c a s e ,  t h i s  i s  
about t h e  d e s i g n  t empera tu re  t h a t  must be used f o r  r i v e r  wa te r  i n  t h e  
s o u t h e r n  r e g i o n s ,  the reby  r e q u i r i n g  r a t h e r  expens ive  r e f r i g e r a t i o n  f o r  h e a t  
removal. When c e l l u l o s e  i s  used as t h e  s u b s t r a t e ,  an enzymatic h y d r o l y s i s  
o f  t h e  c e l l u l o s e  must proceed a t  t h e  same r a t e  a s  b a c t e r i o l o g i c a l  
consumption,of  t h e  h y d r o l y s a t e  s o  t h a t  a  f e r m e n t a t i o n  t empera tu re  must be  
chosen which f a v o r s  b o t h  r e a c t i o n s  a s  much a s  p o s s i b l e .  Enzymatic a c t i v i t y  
o f  t h e  c e l l u l o s e  i s  u s u a l l y  g r e a t e r  a t  t empera tu res  above 100 F w h i l e  t h e  
optimum tempera tu re  f o r  b i o l o g i c a l  growth i s  about  95 F. A ba lanced  
t empera tu re  of t h e s e  would s t i l l  l e a v e  1 0  F t o  1 5  F d r i v i n g  f o r c e  which 
would g e n e r a l l y  be more t h a n  adequa te  f o r  t h e  d e s i r e d  h e a t  removal u s i n g  
r i v e r  wa te r .  These comments i n  g e n e r a l  l e a d  t o  t h e  conc lus ion  t h a t  n o t  on ly  
do ce l lu lose -cons&ing  organisms r e q u i r e  less a e r a t i o n  p e r  u n i t  of 
f e r m e n t a t i o n  volume, b u t  t h a t  h e a t  removal i s  cheaper  and e a s i e r .  
C e l l  Densi ty  and Growth Rates  
I n s u f f i c i e n t  e x p e r i m e n t a t i o n  h a s  been c a r r i e d  o u t  t o  determine t h e  
maximum c e l l  d e n s i t y  t h a t  can be o b t a i n e d  u s i n g  c e l l u l o s e  feed .  The 
d i f f i c u l t y  a r i s e s  from t h e  f a c t  t h a t  two o r  more c o n s e c u t i v e  r e a c t i o n s  must 
be  c a r r i e d  on a t  about  t h e  same r a t e .  I f  t h e  enzymat ic  r e a c t i o n  goes t o o  
f a s t ,  t h e n  a l l o s t e r i c  i n h i b i t i o n  o r  feed-back r e p r e s s i o n  from t h e  
d i s s a c h a r i d e  causes  a  decrease  i n  t h e  c e l l u l a s e  a c t i v i t y .  On t h e  o t h e r  
hand,  i f  r a p i d  b a c t e r i a l  growth i s  reached too  q u i c k l y  ( i n  a  b a t c h  p r o c e s s ) ,  
t h e  l o g  phase  growth r a t e  becomes e s s e n t i a l l y  i r r e c o v e r a b l e .  Doubling t imes  
o f  two t o  f o u r  hours  have been observed w i t h  ce l lu lomonas ,  cor responding  
q u i t e  f a v o r a b l y  t o  r a t e s  o b t a i n e d  on hydrocarbons .  Th is  means t h a t  h o l d i n g  
t ime o r  d i l u t i o n  t ime would be about  t h e  same i n  b o t h  c a s e s .  
I t  has  been shown t h a t  v o l u m e t r i c  p r o d u c t i o n  e f f i c i e n c i e s  have been 
o b t a i n e d  of about 0 .16 gms dry  c e l l  mass p e r  l i t e r  of f e rmente r  c a p a c i t y  p e r  
hour  w i t h  pure  c u l t u r e s ,  and up t o  0 .51  w i t h  s y m b i o t i c  c u l t u r e s  (Table  1 6 ) .  
Data have been c o l l e c t e d  and computed t o  compare t h e s e  r a t e s  o f  SCP 
p r o d u c t i o n  w i t h  t h o s e  of o t h e r  comparable p r o c e s s e s  (Table  21) .  It i s  s e e n  
t h a t  t h e s e . v a l u e s  range from l e s s  t h a n  one-half  t o  10 t imes  t h e  r a t e  t h a t  
h a s  been o b t a i n e d  i n  o u r  p l a n t .  L i m i t i n g  t h e s e  v a l u e s  t o  t h o s e  t h a t  have 
been e x p e r i m e n t a l l y  v e r i f i e d ,  t h e  range goes  up t o  about  s i x  t i m e s  o u r  
c u r r e n t  r a t e .  T h i s  was ob ta ined  w i t h  y e a s t  growth and s u l f i t e  l i q u o r .  
Comparable v a l u e s  f o r  y e a s t  grobm on hydrocarbons shou ld  be  i n  t h i s  same 
range .  
The c u l t u r e  mass doubl ing t ime  of p u r e  cel lu lomonas  c u l t u r e s  a t  about  
3.5 t o  3 . 7  hours  i s  w e l l  w i t h i n  t h e  range  of v a l u e s  c u r r e n t l y  c o n s i d e r e d  t o  
be i n d u s t r i a l l y  f e a s i b l e .  The e q u i l i b r i u m  c e l l  d e n s i t y ,  however, i s  f i v e  t o  
25 t imes  lower t h a n  t h e  y e a s t  p r o c e s s e s .  That t h e  e q u i l i b r i u m  c e l l  d e n s i t y  
can be improved from 0 . 5  gm p e r  l i t e r  i s  c e r t a i n  s i n c e  t h e  p i l o t  p l a n t  h a s  
been o p e r a t i n g  a t  low s u b s t r a t e  l o a d i n g s ;  t o  what e x t e n t ,  however, i s  n o t  
known a t  t h i s  t i m e .  
Svmbiot ic  Growth 
A r a t h e r  i n t e r e s t i n g  d i s c o v e r y  was made d u r i n g  p r e v i o u s  r e s e a r c h  t h a t  
cou ld  l e a d  t o  improved f e r m e n t a t i o n  economics a l though  i t  i s  s t i l l  too  e a r l y  
t o  be c e r t a i n  o f  a l l  t h e  a s p e c t s .  During one f e r m e n t a t i o n  o f  t r e a t e d  s u g a r  
cane bagasse ,  t h e  r a t e  and e x t e n t  of v i s i b l e  c e l l u l o s e  breakdown i n c r e a s e d  
markedly o v e r  t h e  v a l u e s  from p r e v i o u s  r u n s .  The c u l t u r e  was found t o  be  
contaminated by an organism o t h e r  t h a n  cel lu lomonas .  The second organism 
was i s o l a t e d  and i d e n t i f i e d  by D r s .  V. R. S r i n i v a s a n  and Y .  W .  Han a s  o f  t h e  
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Mixed c u l t u r e  
B a c t e r i a  
(Cellulomonas) 
S u l f i t e  l i q u o r  2.5 (Exper imental  
con t inuous)  
Acid s o l u b i l i z e d  3.66 ( T h e o r e t i c a l  
wood s u g a r s  con t inuous)  
Alkanes 
C e l l u l o s e  
S u l f i t e  l i q u o r  
C e l l u l o s e  
5 . 0  ( T h e o r e t i c a l  
con t inuous)  
0.042 (Exper imental  
b a t c h )  
0 .57 (Exper imental  
con t inuous)  
0.162 (Exper imental  
con t inuous)  
B a c t e r i a  C e l l u l o s e  and d e x t r o s e  0.512 (Exper imental  
(Cellulomonas and A l c a l i g e n e s )  b a t c h )  
22 ( Inskeep)  
4 (Mel ler)  
45 (Wang) 
49  (Updegraf) 
50 (Amberg) 
T a b l e  16 
T a b l e  16 
/a V.P.E. = grams of d r y  c e l l  mass produced per  l i t e r  of f e rmente r  c a p a c i t y  per hour .  
genus . A mixed c u l t u r e  of ce l lu lomonas  and was 
p repared  and grown by them, and t h e  c u l t u r e  was found t o  be  composed 
p r i m a r i l y  o f  ce l lu lomonas  and e x h i b i t e d  b e t t e r  growth c h a r a c t e r i s t i c s  t h a n  
e i t h e r  o f  t h e  pure  b a c t e r i a  i n  t h e  same media.42 Concurrent  exper iments  i n  
t h e  Chemical Engineer ing Department on measurement of t h e  amount o f  
s o l u b i l i z e d  .carbohydrate  p r e s e n t  i n  t h e  menstruum a t  any t ime  showed t h a t  
t h e  amount s o l u b i l i z e d  remained e s s e n t i a l l y  c o n s t a n t  a t  200 t o  300 
m i l l i g r a m s  p e r  l i t e r  i n  a  p u r e  c u l t u r e  o f  ce l lu lomonas .  Th is  knowledge, 
when combined w i t h  p rev ious  o b s e r v a t i o n s ,  i n d i c a t e s  t h a t  what cou ld  be  
happening i n  t h e  s y m b i o t i c  c u l t u r e  was t h a t  t h e  a l c a l i g e n e s  was consuming 
t h a t  h y d r o l y s i s  p roduc t  t h a t  had p r e v i o u s l y  been i n h i b i t i n g  enzyme a c t i v i t y .  
The i n h i b i t i n g  p roduc t  i s  thought  a t  t h e  p r e s e n t  t i m e  t o  be  c e l l o b i o s e .  I n  
o t h e r  words,  t h e  enzyme a c t i v i t y  which had p r e v i o u s l y  been i n h i b i t e d  by t h e  
p r e s e n c e  of t h e  r e a c t i o n  p roduc t  d i s a c c h a r i d e  i n  t h e  menstruum was now f r e e  
t o  proceed w i t h o u t  i n h i b i t i o n .  
The l a s t  f e r m e n t a t i o n  r u n  f i n i s h e d  p r i o r  t o  t h e  i s s u a n c e  of t h i s  r e p o r t  
used cel lu lomonas  and a l c a l i g e n e s  b a c t e r i a  i n  a  mixed c u l t u r e  f e r m e n t a t i o n  
o f  t r e a t e d  bagasse .  C e l l  d e n s i t i e s  i n c r e a s e d  f i v e - f o l d  o v e r  a l l  p r e v i o u s  
p u r e  c u l t u r e  r u n s ,  and growth r a t e  was comparable. The c a l c u l a t e d  
t h e o r e t i c a l  VPE v a l u e  was a lmost  f i v e  t imes  h i g h e r  t h a n  comparable v a l u e s  
f o r  p u r e  c u l t u r e s  (Table  1 6 ) .  The o n l y  r e a s o n  growth s topped  a t  6.24 grams 
o f  c e l l s  p e r  l i t e r  was l a c k  o f  s u b s t r a t e .  Higher  c e l l  d e n s i t i e s  s h o u l d  be  
o b t a i n a b l e .  
I n  l a b o r a t o r y  tests t o  s e e k  o t h e r  organisms t h a t  might be  s y m b i o t i c  
w i t h  ce l lu lomonas ,  s e v e r a l  t y p e s  o f  c e l l o b i o s e  m e t a b o l i z i n g  y e a s t s  were 
grown w i t h  cel lu lomonas  i n  shake tubes .  Nost of t h e  y e a s t s  t e s t e d  showed 
P -
h i g h e r  c e l l  d e n s i t i e s  t h a n  e i t h e r  ce l lu lomonas  o r  themselves  grown 
s e p a r a t e l y  i n  t h e  same t y p e  media. None, however, showed a s  good growth a s  
cel lu lomonas  and (Table 2 2 ) .  
Amino a c i d  p a t t e r n s  of ce l lu lomonas  and were determined f o r  
comparat ive  purposes  (Table 2 3 ) .  showed a h i g h e r  methionine  
c o n t e n t  than d i d  cel lu lomonas .  S i n c e  methionine  i s  t h e  l i m i t i n g  amino a c i d  
i n  cel lu lomonas  p r o t e i n  metabolism, t h e  a d d i t i o n  of a l c a l i g e n e s  shou ld  
enhance t h e  d i g e s t i b i l i t y  of t h e  t o t a l  SCP. 
Work is  c o n t i n u i n g  on t h e  p o s s i b i l i t i e s  of symbio t ic  f e r m e n t a t i o n  which 
cou ld  be  o f  g r e a t  b e n e f i t  t o  b o t h  c e l l  d e n s i t y  and c u l t u r e  growth r a t e s .  
C e l l  Harves t ing  
The c o n c e n t r a t i o n  of t h e  c e l l s  i n  t h e  e f f l u e n t  from t h e  fe rmente r  i s  
v e r y  impor tan t  when t h e  c e l l  c o n c e n t r a t i o n  i s  t o  be i n c r e a s e d  i n  a 
de-s ludging c e n t r i f u g e .  Th is  i s  due t o  t h e  f a c t  t h a t  t h e  c o s t  of such  
equipment i s  normal ly  based on t h e  v o l u m e t r i c  through-put r a t e s .  
Fur thermore,  a  g r e a t  d e a l  more power is  r e q u i r e d  t o  h a n d l e  t h e  a d d i t i o n a l  
volume s i n c e  t h e  l i q u i d  must be s u b j e c t e d  t o  f o r c e s  5 ,000 t o  15,000 t imes  
g r a v i t y .  Th i s  i s  much more n o t i c e a b l e  when h a r v e s t i n g  b a c t e r i a  because  
t h e i r  c e l l  s i z e  i s  u s u a l l y  about  o n e - f i f t h  t h a t  o f  y e a s t ,  and power 
requ i rements  a r e  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  of t h e  p a r t i c l e  s i z e .  
I n i t i a l  t e s t s  on t h e  s e p a r a t i o n  o f  ce l lu lomonas  have shown t h a t  t h e s e  
c e l l s  can be  s e t t l e d  from suspens ion  by a d j u s t i n g  t h e  pH down t o  5 . 2  o r  
below o r  by adding a  p o l y i o n i c  f l o c u l a n t .  A con t inuous  t h i c k e n e r  i s  used i n  
t h e  p i l o t  p l a n t  i n  p l a c e  of c e n t r i f u g e s .  The power requ i rements  and 
maintenance on t h i s  equipment i s  ex t remely  low compared t o  t h a t  f o r  h i g h  
speed c e n t r i f u g e s .  The c e l l  cream from t h i s  v e s s e l  may t h e n  be  c o n c e n t r a t e d  
much more economical ly  by c e n t r i f u g a t i o n .  
TABLE: 2 2  
SYMBIOTIC GROWTH 
~ r o w t h ~  ( K l e t t  u n i t s )  
organisma 0  h r .  68 h r s .  92 h r s .  
C  
A 
C + A  
C + Ycl 
C + Yc2 
C + Yc3 
C + Yc4 
C + Yc5 
C + Ye6 
C + Yc7 
C + Yc8 
C + Yc9 
C + YclO 
C + Y c l l  
C + Yc12 
C + Yc13 
- - -  
a~ = Cel lulomonas ,  A = A l c a l g e n e s ,  Yc - C e l l o b i o s e  u t i l i z i n g  y e a s t  
b ~ r w r h  is  t h e  average  of d u p l i c a t e  shake tube  c u l t u r e .  
TABLE 23 
A M I N O  ACID ANALYSIS 
Ce 1 l u  lomonas 
AMINO ACID Cellulomonas A l c a l i g e n e s  and 
Alca l i g e n e s  
Lys i n e  
His  t i d i n e  
Ammonia 
A r g i n i n e  
G lucosamine 
Galactosamine 
C y s t e i c  Acid 
A s p a r t i c  Acid 
Methoionine  Su l fone  
Threonine  
S e r i n e  
Glutamic  Acid 
P r o l i n e  
Glyc ine  
Alan ine  
112 C y s t i n e  
V a  1 i n e  
Methionine  
Is o  l e u c  i n e  
Leuc i n e  
Tyros  i n e  
P h e n y l a l a n i n e  
-8- 
"Es t ima ted  
The f i g u r e s  g i v e n  a r e  micromoles of r e s i d u e / %  of sample.  No ~ r r e c t i o ;  
- .- 
made f o r  w a t e r  and p r o t e i n  c o n t e n t .  Tryptophan i s  t o t a l l y  d e s t r o y e d  by a c i d  
h y d r o l y s i s  m u s t  be determined by o t h e r  means. 
Produc t  P u r i f i c a t i o n  
The e x t e n t  of p u r i f i c a t i o n  r e q u i r e d  w i l l  depend upon t h e  end u s e  
expec ted  f o r  t h e  p roduc t .  Probably  t h e  u l t i m a t e  o b j e c t i v e  of e s s e n t i a l l y  
e v e r y o n e ' s  work i n  t h i s  a r e a  i s  t o  produce human food s i n c e  t h i s  i s  a  market 
which could  a f f o r d  t o  pay a  good p r i c e  f o r  t h e  p roduc t .  The b i g  s tumbl ing  
b l o c k  i s  n o n - t o x i c i t y  and FDA a p p r o v a l .  If t h i s  i s  t h e  u l t i m a t e  market f o r  
SCP grown on g a s - o i l  w i t h  i t s  a t t e n d a n t  conglomerat ion of products  t h a t  can 
n o t  be consumed by b a c t e r i a ,  t h e n  FDA would be qu ick  t o  r e c o g n i z e  t h a t  such 
p roduc t s  would no t  be v e r y  n o u r i s h i n g  t o  humans. T h i s  means then ,  t h a t  f o r  
t h e s e  p roduc t s  a  l a r g e  c o s t  w i l l  be involved i n  s o l v e n t  e x t r a c t i o n  o r  
whatever  t o  remove t h e s e  components from t h e  f i n a l  p roduc t .  
S i n g l e  c e l l  p r o t e i n  grown on hydrocarbon t h e n  w i l l  have some r a t h e r  
c o s t l y  p u r i f i c a t i o n  s t e p s  u n l e s s  a n  organism c a n  be found t h a t  w i l l  e a s i l y  
d i sengage  i t s e l f  from t h e  r e s i d u a l  hydrocarbons .  The FDA has  gone on r e c o r d  
i n  t h e  p a s t  a s  r u l i n g  t h a t  t h e  a d d i t i o n  of a s  l i t t l e  a s  200 ppm of m i n e r a l  
o i l  t o  t h e  human d i e t  i s  o b j e c t i o n a b l e .  
M i c r o b i a l  p r o t e i n s  grown on c e l l u l o s e  may no t  encounte r  such s e v e r e  
s c r u t i n y  a s  products  grown on o t h e r  s u b s t r a t e s  because  c e l l u l o s e  i s  n o t  
cons idered  o b j e c t i o n a b l e  i n  t h e  human d i e t .  I n  f a c t ,  i t  i s  o f t e n  added t o  
t h e  d i e t  a s  a  bu lk ing  a g e n t  i n  t h e  form of a  w a t e r  s o l u b l e  d e r i v a t i v e .  Some 
of t h e  und iges ted  l i g n i n  remain ing  i n  t h e  e f f l u e n t  s t r e a m  i s  c e r t a i n l y  going 
t o  go o u t  w i t h  t h e  p roduc t ,  b u t  l i g n i n  a l s o  i s  n o t  p a r t i c u l a r l y  
o b j e c t i o n a b l e  i n  t h e  human d i e t  s i n c e  one a l r e a d y  g e t s  f a i r  q u a n t i t i e s  of i t  
i n  c e r t a i n  garden v e g e t a b l e s  and f r u i t s .  The l i g n i n  passes  through t h e  
d i g e s t i v e  t r a c t  w i t h o u t  be ing  a s s i m i l a t e d .  
Perhaps t h e  l a r g e s t  worry t h a t  a l l  SCP producers  have i s  t h e  p resence  
of v e r y  l a r g e  amounts of n u c l e i c  a c i d  i n  t h e  p r o t e i n  p roduc t .  Nucle ic  a c i d s  
have a  d e l e t e r i o u s  e f f e c t  on r a t s  c a u s i n g  g a s t r i c  d i s t u r b a n c e s ,  s k i n  r a s h ,  
e t c , ,  and ve ry  l i t t l e  i s  known about  t h e  t o l e r a n c e  l i m i t s  of such p r o d u c t s  
i n  t h e  human d i e t .  
P roduc t  Value 
The market  v a l u e  o f  t h e  p roduc t  w i l l  de te rmine  how h i g h  t h e  p r o d u c t i o n  
c o s t s  can go. I t  would appear  a t  t h e  moment t h a t  v e r y  few s i n g l e  c e l l  
p r o t e i n s  w i l l  b e  a b l e  t o  compete w i t h  soybean p r o t e i n  p e r  s e .  S t i l l ,  t h e r e  
a r e  many f a c t o r s  t h a t  c o n t r i b u t e  t o  t h e  v a l u e  of  p r o t e i n  o t h e r  t h a n  add ing  
up t h e  t o t a l  n i t r o g e n  c o n t e n t  and m u l t i p l y i n g  by 6 .25 .  It  t u r n s  o u t  t h a t  i n  
t h e  human d i e t  t h e  v a l u e  o f  a  p r o t e i n  i s  based  on t h e  d i g e s t i b i l i t y  o f  t h e  
p r o d u c t ,  and t h i s  i s  u s u a l l y  l i m i t e d  by e i t h e r  t h e  d i f f i c u l t y  o f  c e l l  w a l l  
r u p t u r e  o r  t h e  amount o f  t h e  l i m i t i n g  amino a c i d ,  o r  b o t h .  
The q u a l i t y  of  a  g i v e n  p r o t e i n  i s  based  on how much we igh t  g a i n  r e s u l t s  
p e r  gram of p r o t e i n  consumed. Th i s  i s  v a r i o u s l y  determined a s  PER ( p r o t e i n  
e f f i c i e n c y  r a t i o ) ,  o r  t h e  amount o f  we igh t  g a i n  p e r  gram of  p r o t e i n  i n t a k e ;  
a s  BV ( b i o l o g i c a l  v a l u e ) ;  a s  NPU ( n e t  p r o t e i n  u t i l i z a t i o n ) ;  e t c .  I n  t h e  
f i n a l  a n a l y s i s ,  t h e  d a t a  t h a t  would b e  most d e s i r a b l e  would b e  t h e  p r o t e i n  
q u a l i t y  d i v i d e d  by t h e  c o s t  o r  t h e  we igh t  g a i n  p e r  u n i t  of  c o s t  f o r  each o f  
t h e  v a r i o u s  p r o t e i n s .  U n f o r t u n a t e l y ,  t h e s e  d a t a  appear  t o  b e  r a t h e r  l i m i t e d  
f o r  unconven t iona l  p r o t e i n s .  
Summary o f  P roduc t  Cost 
I t  h a s  been i m p o s s i b l e  t o  o b t a i n  a  d e t a i l e d  c o s t  a n a l y s i s  on t h e  
p r o d u c t i o n  of SCP produced on hydrocarbon s u b s t r a t e  from one of  t h e  l a r g e  
p r o d u c e r s  because  of  t h e  c o m p e t i t i v e  n a t u r e  of  t h i s  endeavor .  About t h e  
o n l y  c o s t  i n f o r m a t i o n  a v a i l a b l e  a p p e a r s  t o  be  t h e  f i n a l  s e l l i n g  p r i c e ,  and 
even t h a t  h a s  t o  be looked a t  w i t h  some s k e p t i c i s m  because  i t  cou ld  change 
w i t h  supp ly  and demand. Cost d a t a  a v a i l a b l e  show q u i t e  a  wide range (Table  
24) .  Esso Research and Engineer ing h a s  i n d i c a t e d  an  approximate  s e l l i n g  
p r i c e  of 1 7  c e n t s  p e r  pound of 50 p e r c e n t  p r o t e i n  s i n g l e  c e l l s  t h a t  has  been 
grown on n - p a r a f f i n .  B r i t i s h  Petroleum has  i n d i c a t e d  a  p r i c e  i n  t h e  1 0  t o  
20 c e n t  p e r  pound range  f o r  50 p e r c e n t  p r o t e i n  grown on g a s - o i l .  Soybean 
p r o t e i n s  a r e  quoted a t  a  p r i c e  o f  s i x  t o  seven  c e n t s  a  pound on t h e  same 
b a s i s  w h i l e  f i s h  f l o u r  is  i n  t h e  1 5  t o  20 c e n t  p e r  pound range.  It shou ld  
be  obvious  from t h e s e  f i g u r e s  t h a t  i f  t h e  market f o r  SCP is  t o  be animal  
feed  supplement ,  t h e n  t h e  p r i c e  t o  b e a t  i s  t h e  s i x  t o  seven c e n t s  p e r  pound 
f o r  soybean f l o u r .  
Cost a n a l y s e s  based  on t h e  c u r r e n t  o p e r a t i n g  d a t a  o f  t h e  LSU p i l o t  
p l a n t  p l a c e  t h e  SCP grown on c e l l u l o s e  i n  t h e  1 0  t o  15 c e n t s  p e r  pound range 
(50 p e r c e n t  p r o t e i n ) .  While t h i s  would be l e s s  expens ive  t h a n  such  p r o t e i n  
. 
s o u r c e s  a s  l e a f  p r o t e i n ,  wheat,  skim m i l k ,  and f i s h  p r o t e i n  c o n c e n t r a t e ,  i t  
would s t i l l  be h i g h e r  t h a n  soymeal,  and about  t h e  same a s  t h e  p r o j e c t e d  
c o s t s  o f  o t h e r  SCP. The key t o  enhancement o f  t h e  p r o c e s s i n g  economics i s  
an i n c r e a s e  i n  t h e  VPE v a l u e .  Our c u r r e n t  VPE would make i t  n e c e s s a r y  t o  
o p e r a t e  l a r g e  f e r m e n t e r s  and c e l l  r ecovery  equipment,  and thus  h u r t s  t h e  
p r e s e n t  economic p i c t u r e .  
However, s i n c e  t h e  l i t t l e  o p t i m i z a t i o n  t h a t  h a s  been done s o  f a r  h a s  
y i e l d e d  f a v o r a b l e  r e s u l t s  i n  p r o d u c t i o n  r a t e s  and e f f i c i e n c i e s ,  it i s  f e l t  
t h a t  VPE v a l u e s  f o r  t h i s  p r o c e s s  can be r a i s e d  t o  a  c o m p e t i t i v e  range .  
Also ,  s y m b i o t i c  c u l t u r e  growth h a s  shown g r e a t  p o t e n t i a l ;  and o t h e r  economic 






TABLE 24 (Continued) 
COST OF CONVENTIONAL AND UNCONVENTIONAL  PROTEIN^ 
Food Produc t  P r i c e  of Produc t  
( c e n t s  /pound) 
P e r c e n t  P r o t e i n  P r i c e  of P r o t e i n  
( p e r c e n t )  (cents /pound)  
Unconvent ional  p r o t e i n  foods:  
Algae 3 
Yeast  (pet roleum) b  6  - 8 
Leaf p r o t e i n  37-47 
S p i r u l i n a  18 
Yeast  ( v e g e t a b l e )  10-14 
B a c t e r i a  ( c e l l ~ l o s e ) ~  10- 15 
a ~ l l  p r i c e s ,  excep t  where noted,  a r e  from Abbot t ,  J .  C . ,  1966. Unconvent ional  p r o t e i n .  P r e s e n t e d  
a t  e n g i n e e r i n g  r e s e a r c h  confe rence  a t  S a n t a  Barbara ,  C a l i f o r n i a .  
b ~ a n g ,  D.  I. C .  P r o t e i n s  from petroleum.  Chemical Engineer ing ,  p .  99, Aug. 26, 1968. 
C ~ a t a  from t h i s  r e p o r t ,  based on c u r r e n t  o p e r a t i n g  d a t a .  
CONCLUSIONS AND RECOMMENDATIONS 
The fo l lowing  conc lus ions  were drawn from d a t a  and e x p e r i e n c e  o b t a i n e d  
d u r i n g  t h e  . f u l f i l l m e n t  o f  C o n t r a c t  PH86-68-152. 
1. A l k a l i  t r e a t e d  s u g a r  cane b a g a s s e  can be  fermented on a con t inuous  
f low b a s i s  by ce l lu lomonas ,  gn. b a c t e r i a  f o r  t h e  p r o d u c t i o n  of 
s i n g l e  c e l l  p r o t e i n .  
2. Cellulomonas w i l l  p r e f e r e n t i a l l y  metabo l ize  s o l u b l e  c a r b o h y d r a t e  
r a t h e r  t h a n  i n s o l u b l e  c e l l u l o s e  i f  b o t h  a r e  p r e s e n t  i n  t h e  media. 
3. Bagasse must be s u b j e c t e d  t o  a l k a l i  t r e a t m e n t  b e f o r e  a p p r e c i a b l e  
b a c t e r i a l  a t t a c k  can o c c u r .  
4.  Up t o  90 p e r c e n t  o f  t r e a t e d  bagasse  can be  s o l u b i l i z e d  i n  b a t c h  
f e r m e n t a t i o n s ,  b u t  n o t  a l l  of t h i s  i s  m e t a b o l i z a b l e  ca rbohydra te .  
5. About 26 p e r c e n t  of whole,  bone-dry b a g a s s e  i s  conver ted  t o  c e l l  
mass a t  a cont inuous  f e r m e n t e r  e f f i c i e n c y  o f  75 p e r c e n t .  
6. Usual log-phase c u l t u r e  mass doubl ing  t i m e  f o r  ce l lu lomonas  i s  
3 .2  t o  3.7 hours .  
7. I n c r e a s e d  a g i t a t i o n  i n c r e a s e s  f i n a l  c e l l  d e n s i t y  and growth r a t e  
probably  by improving oxygen and s u b s t r a t e  mass t r a n s f e r .  
8. F e r t i l i z e r  and i n d u s t r i a l  g rade  chemicals  may b e  used i n  most 
c a s e s  t o  r e p l a c e  l a b o r a t o r y  o r  r e a g e n t  g rade  salts  used i n  t h e  
n u t r i e n t  media. 
9. The p r e s e n c e  o f  a l k a l i  i n  t h e  feed  s t ream improves t h e  e f f i c i e n c y  
of con t inuous  s t e r i l i z a t i o n .  
10 .  Mixed c u l t u r e  f e r m e n t a t i o n  w i t h  cel lu lomonas  and 
f e c a e l i s  g i v e s  much h i g h e r  c e l l  d e n s i t y  t h a n  a  pure  cel lu lomonas  
c u l t u r e .  
11. The maximum c e l l  d e n s i t y  t h a t  h a s  been o b t a i n e d  w i t h  a  p u r e  
cel lu lomonas  c u l t u r e  i s  1.66 grams p e r  l i t e r  dry  weigh t .  The 
mixed c u l t u r e  r u n  had a c e l l  d e n s i t y  of 6 .24  grams p e r  l i t e r .  
12.  Maximum exper imenta l  v o l u m e t r i c  p r o d u c t i o n  e f f i c i e n c y  t h a t  has  
been o b t a i n e d  by a  p u r e  cel lu lomonas  c u l t u r e  i n  a  con t inuous  run 
was 0.098 grams of d ry  c e l l  mass p e r  l i t e r  of f e rmente r  volume p e r  
hour .  C a l c u l a t e d  VPE f o r  t h e  mixed c u l t u r e  was 0.512 grams p e r  
l i t e r  p e r  hour .  
13.  Cellulomonas c o n t a i n s  about  50 t o  55 p e r c e n t  c rude  p r o t e i n  
( ~ ~ e l d a h l  method),  and h a s  a  good amino a c i d  b a l a n c e .  
The f o l l o w i n g  recommendations have been made i n  l i g h t  o f  e x p e r i e n c e  
. 
ga ined  d u r i n g  performance of t h e  c o n t r a c t .  
1. F u r t h e r  work needs t o  be  done i n  d e f i n i n g  t h e  l i m i t s  and 
c a p a b i l i t i e s  o f  mixed c u l t u r e  f e r m e n t a t i o n  of c e l l u l o s e .  
2 .  The p i l o t  p l a n t  shou ld  b e  modi f i ed  t o  pe rmi t  less s e v e r e  a l k a l i  
t r e a t m e n t  of t h e  c e l l u l o s i c  p r i o r  t o  f e r m e n t a t i o n .  
3.  A second f e r m e n t a t i o n  v e s s e l  shou ld  be added t o  t h e  p i l o t  p l a n t  
t o  p e r m i t  two-stage f e r m e n t a t i o n .  
4 .  A h a r v e s t i n g  method needs t o  be  p e r f e c t e d  t h a t  w i l l  g i v e  a  c l e a n  
c e l l u l o s e - f r e e  c e l l  p roduc t  t h a t  i s  low i n  s a l t .  
5. F u r t h e r  work needs  t o  be done on re -cyc le  and use  o f  t h e  s o l i d  and 
l i q u i d  by-product s t reams .  
6 .  An a u t o m a t i c  an t i foam a d d i t i o n  system needs  t o  be added t o  t h e  
f e r n e n t e r ,  and concur ren t  a n a l y s i s  of c e l l  d e n s i t y  and s u b s t r a t e  
c o n c e n t r a t i o n  shou ld  be p e r f e c t e d .  
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